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Trace metals occur in the environment and can be essential nutrients for organisms, but 
even beneficial metals can be toxic at high concentrations. Understanding processes underlying 
metal-mixture toxicity to aquatic species is challenging. The toxicity of mixtures of cadmium 
(Cd) and nickel (Ni) to adult Daphnia magna is less than additive. Geochemical and 
physiological explanations have been posited to explain the effect, but not thus far tested. In the 
geochemical explanation, less-toxic Ni competes with Cd for binding sites on the organism, 
which prevents the more-toxic Cd from binding and thereby decreases mortality. In contrast, a 
commonly proposed physiological explanation is that the presence of a second, less toxic metal 
(Ni in this case) stimulates additional upregulation of metallothionein (MT), a metal-binding 
protein, which will then sequester more Cd and provide more protection against Cd toxicity. In 
this study, heat-stable proteins (HSPs), measured by the silver (Ag)-saturation method, were 
used as an indicator of MT production in adult Daphnia magna. Organisms exposed to Cd-Ni 
mixtures did not produce significantly more HSP than those exposed only to Cd. This result 
suggests that additional HSP production is not the mechanism by which the mixture mortality is 
decreased. Further testing is needed to determine if there is a different physiological explanation 
or if geochemical competition between Cd and Ni for binding to sites of toxic action on the 
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CHAPTER ONE – INTRODUCTION 
1.1 Metals in the Environment 
Trace metals exist throughout the environment and can be essential nutrients for plants 
and animals, yet even beneficial metals can be toxic at high concentrations (Chapman and Wang 
2000). Some metals are naturally present due to erosional weathering and transport, and 
contamination can occur through natural processes such as volcanic eruption (Tchounwou et al. 
2012). However, metals have also been introduced by human activity. Agricultural and industrial 
runoff, mining wastes, and other anthropogenic sources such as storm-drain runoff contribute a 
variety of metals to natural waterways, often in high concentrations that exceed natural cycling 
levels (Chapman and Wang 2000, He et al. 2005, USEPA 2011). Some metals important to 
industry, like Pb, Cd, Ni, and Cr, are of concern due to their high toxicity to aquatic organisms 
(He et al. 2005, Tchounwou et al. 2012).  
One important metal source is acidic, metal-rich mine wastes. This mine effluent, 
commonly called acid mine drainage (AMD), has been in contact with rocks containing iron 
sulfide ore (pyrite; FeS2), which can be oxidized to sulfuric acid (Morel and Hering 1993), as 
follows (Parbhakar-Fox and Lottermoser 2017), 
   2FeS2(s) + 7O2(g) + 2H2O(l) → 2Fe+2(aq) + 4SO42-(aq) + 4H+(aq) (1.1) 
 4Fe2+(aq) + O2(g) + 4H
+
(aq) → 4Fe+3(aq) + 2H2O(l) (1.2) 
FeS2(s) + 14Fe
+3
(aq) + 8H2O(l) → 15Fe+2(aq) + 2SO42-(aq) + 16H+(aq) (1.3) 
In this multi-step process, pyrite is oxidized to produce sulfuric acid (H2SO4). Ferrous 
iron (Fe+2) is then oxidized to ferric iron (Fe+3), which further contributes to the oxidation of 
more Fe+2 and the generation of more H2SO4. Pyrite often contains trace metals such as Cd and 
2 
Ni, Pb, Sb, and Hg (Lottermoser 2010), which are released as the mineral is oxidatively 
dissolved. The acidified water can also leach more metals from other rocks. 
The persistence of metal pollutants also means that, while they can change oxidation state 
or aqueous speciation (e.g., via complexation with dissolved ligands), stable metal isotopes are 
not converted to other elements. Therefore, unlike the majority of organic pollutants which can 
decompose, metals can remain in ecological systems indefinitely. Biomagnification is another 
concern with metals such as mercury (Hg), which accumulate in tissues of higher-order predators 
within food webs, such as raptors and humans (Tchounwou et al. 2012). Thus, the study of metal 
pollution is crucial as nations continue to develop industrially. 
 
1.2 Evaluating Metal Toxicity 
The toxicity of individual metals to aquatic organisms has been studied for decades via 
toxicity testing (reviewed in Blaise and Férard 2005), in which organisms are exposed to varying 
concentrations of the toxicant and their response is monitored. The toxicity study reported herein 
uses Daphnia magna, a cladoceran approximately 5 mm long at maturity. These organisms are 
commonly used in aquatic toxicity tests (USEPA 2002). The effect of water chemistry 
parameters such as hardness, pH, and dissolved organic carbon (DOC) concentration on metal 
toxicity has been previously examined (e.g., see review in Meyer et al. 2007). To help predict 
site-specific toxicity of metals in surface waters, environmental scientists have been developing 
computational models that account for water chemistry. The biotic ligand model (BLM; Di Toro 
et. al 2001) is one such approach. In the BLM, an organism is assumed to have sites that can bind 
with a metal and result in toxicity (Figure 1.1). The tissue with these sites is called the “biotic 
ligand” (Paquin et al. 2000). 
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Figure 1.1. Biotic ligand model showing competition between dissolved and biotic ligands for 
metals and competitive major cations. Metal mixtures are not typically accounted for when 
computing binding to the biotic ligand in this model. (Modified from Di Toro et al. 2001). 
Metals can also bind to dissolved organic ligands (Campbell 1995, Meyer et al. 2007). In 
natural waters, those ligands are classified as part of the total amount of dissolved organic matter 
(DOM). DOM is generally produced by the breakdown of plant matter or the byproduct of 
aquatic organisms, including bacteria and plants, into classes of organic molecules that differ 
based on size, functional group content, and aqueous solubility (Bertilsson and Jones 2003). 
Suwannee River fulvic acid (SRFA) has been used by researchers in order to provide organic 
matter concentrations more similar to natural waters (Traudt et al. 2016). Fulvic acids possess 
many functional groups such as phenolic and carboxyl groups that can deprotonate and form 
anionic sites. These anionic sites are ligands that can bind metal cations in solution and prevent 
them from binding to an organism, thereby decreasing the metal toxicity (Meyer et al. 2007).  
4 
Inorganic ligands such as carbonates and hydroxides can also bind to metals to form 
solution complexes (Campbell 1995, Meyer et al. 2007). Because the dissolved ligands compete 
with the organism’s metal binding sites, the presence of these ligands also decreases toxicity. 
Other ions, such as Ca2+, Na+, H+, and Mg2+, can also compete for binding to sites on the 
organism. This competition also results in decreased toxicity. Major ions needed as inputs to the 
BLM are accounted for by measuring alkalinity (carbonate species), pH, ICP-OES analysis for 
major cations (Ca2+, Mg2+, Na+, K+), as well as analysis for anions (Cl- and SO4
2-). Temperature 
is also recorded due to the dependence of aqueous speciation on temperature.  
Three major factors accounted for in the BLM contribute to metal toxicity. They are 
referred to as the three Cs: concentration, complexation, and competition (Playle 1998). As the 
total concentration of a metal increases, more of the metal is potentially available to bind to the 
biotic ligand. Complexation of a metal by inorganic or organic ligands decreases the amount of 
available metal. Competition between a metal and other cations for binding to an organism 
decreases the amount of the metal bound to biotic ligands.  
 
1.3 Mixture Toxicity 
Current regulatory legislation examines metal pollution on the basis of individual metals, 
but metals in the environment are commonly found as mixtures (Meyer et al. 2015a). One might 
expect that the effects of two toxic metals would be strictly additive, but this is not typically 
observed. Metals in combination can produce three general toxicity effects on organisms: 
additive, more-than-additive, and less-than-additive (Norwood et al. 2003). However, placing a 
given metal mixture into any one of these three categories depends on how additive toxicity is 
defined and calculated.  
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More-than-additive and less-than-additive toxicity occur when the toxicity of a mixture is 
higher or lower, respectively, than what is expected from the amount of toxicity predicted by an 
additive model. Vijver et al. (2011) and Norwood et al. (2003) reported that the toxicity in 
approximately three-quarters of the metal mixtures they examined was less-than-additive or 
additive, and it was more-than-additive in one-quarter of the mixtures (Meyer et al. 2015a). This 
finding suggests more complex interactions than simple models assume.  
The frequent occurrence of non-additive toxicity in metal mixtures indicates two major 
limitations to the BLM. First, the BLM currently only predicts the toxicity of one metal at a time, 
ignoring potential competition between metals for binding to dissolved ligands and biotic 
ligands. Metal mixtures are not parameterized for, and non-additive effects are not incorporated. 
Second, physiological responses that might ameliorate or alternatively enhance the toxicity of 
metals are not considered in the BLM. These effects have consequences for remediation efforts 
in mining-impacted waters. For example, if a metal mixture causes less-than-additive toxicity, 
removing a protective metal during remediation might result in a smaller decrease in toxicity 
than expected. Thus, understanding how combinations of metals interact with organisms could 
lead to better rehabilitation of polluted ecosystems.  
 
1.4 Previous Investigations of Non-Additive Metal Mixture Toxicity 
My thesis research focuses on Cd-Ni mixtures. Less-than-additive toxicity has repeatedly 
been observed in class-based educational experiments on D. magna neonates at Colorado School 
of Mines using Cd and Ni, and in the published work of Traudt et al. (2016). Perez and Hoang 
(2018) also observed protective effects in chronic D. magna exposures using Cd-Ni mixtures. 
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These metals often occur in mining and industrial wastes (He et al. 2005, Tchounwou et al. 
2012); thus, their interactions were of interest for regulatory applications.  
Much of the literature regarding the toxicity of Cd-containing metal mixtures to D. 
magna was investigated with Zn. Among the earliest was a report (Attar and Maly 1992) of less-
than-additive toxicity when daphnids were exposed to Cd-Zn mixtures. These tests were 
conducted for up to 96 h. Shaw et al. (2006) compared different daphnid responses to Cd, Zn, 
and mixtures of the two elements. They found that all daphnid species except D. magna 
experienced less-than-additive toxicity at low Zn concentrations, but additive toxicity at high 
concentrations. This raised questions about the use of D. magna as a representative species, and 
about repeatability of results. Binary and ternary mixtures containing Cd, Cu, and/or Zn were 
also investigated (Meyer et al. 2015b). Additive or non-additive toxicity was demonstrated, 
depending on the metal combinations and concentration ranges tested. 
Meyer et al. (2015b) and Traudt et al. (2016) proposed that competition for binding sites 
on the organisms and to dissolved organic matter might be responsible for non-additive toxicity 
in their metal mixtures, but no mechanism was confirmed. Neither set of authors could eliminate 
the possibility that a physiological process was at least partly responsible for explaining non-
additive toxicity in Cd-Ni mixtures. They also emphasized the need to consider water quality 
when conducting toxicity experiments with metal mixtures due to the complexity of potential 
interactions among the dissolved components in exposure waters; Traudt et al. (2016, 2017) 
reported that Ni mixtures produced different additive or non-additive effects depending on the 
other metal(s) in solution. 
The BLM does not currently account for competition between toxic metals for binding 
sites on an organism, nor the physiological changes the organism might undergo in response to 
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metal stress. This work investigates if a well-known physiological mechanism is responsible for 
the non-additive toxicity seen in Cd-Ni mixtures, or if geochemical competition between the 
metals remains a viable explanation. A geochemical competitive-binding model assumes the less 
toxic metal binds to the organism’s active sites and thereby blocks the more toxic metal from 
binding. In contrast, a physiological explanation assumes that the organism alters itself in 
response to the metal stress, thereby decreasing the bioreactivity of at least one of the metals. 
One possible alteration is the upregulation of metallothionein (MT), which is a class of heat-
stable metal-binding proteins in the tissues of bacteria, plants, and animals (Ruttkay-Nedecky et 
al. 2013). Mammalian MT has a mass less than 7 kDa (Coyle et al. 2002). The sulfhydryl 
functional groups of twenty cysteine residues bind to metals in order to sequester them, typically 
up to seven divalent cations per molecule of MT (Ruttkay-Nedecky et al. 2013). The α and β 
domains in the structure of MT can bind to four and three divalent metal cations, respectively 
(Dziegiel et al. 2016). 
Shaw et al. (1991) demonstrated that, while MT primarily targets Zn, other metals like 
Cd and Cu can be substituted into the protein to prevent oxidative stress. Excess MT decreased 
cellular toxicity (Karin et al. 1983). Exposure to Cd increased the MT concentration in two 
freshwater bivalves (Dreissena polymorpha and Corbicula fluminea), but exposure to Zn 
increased MT concentration only in C. fluminea (Marie et al. 2006). Shaw et al. (2007) reported 
upregulation of MT genes linked to Cd stress in D. pulex. In contrast, Amiard and Bacheley 
(2008) observed that mussels (Mytilus sp.) did not experience an increase in the tissue 
concentration of MT after Ni exposure. Similarly, Asselman et al. (2012) observed the mRNA 
expression of MT was no different in D. pulex chronically exposed to Ni or Cd, compared to the 
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control groups. I am unaware of studies demonstrating that Ni stimulates acute MT upregulation 
in D. magna. 
Sublethal Ni exposure in a Cd-Ni mixture might prime an organism by upregulating MT 
production without contributing to toxicity. Wang et al. (2018) and Scheuhammer and Cherian 
(1986) demonstrated that Cd had a higher affinity for MT than Pb, Zn, or Cu, though Ni was not 
tested. If the higher concentration of Ni, which is less toxic than Cd, stimulates additional 
upregulation of MT production, Cd could preferentially bind to MT and decrease the mixture 
toxicity. 
 
1.5 Research Objectives 
The ultimate goal of this research is to join chemistry and biology to refine metal-mixture 
toxicity predictions for regulatory uses. I chose to study Cd-Ni mixtures because of an extensive 
background of toxicity testing with D. magna exposed to that combination of metals (Traudt et 
al. 2016, 2017). Although those researchers clearly demonstrated a protective effect of Ni against 
Cd toxicity, they did not elucidate the underlying mechanisms. I sought to determine whether Ni 
and Cd must simultaneously be present in the exposure water to elicit less-than-additive toxicity. 
This was examined by comparison of sequential and simultaneous exposures of Cd and Ni. 
An additional objective was to determine whether the stimulation of upregulation of MT 
is responsible for the less-than-additive mortality in Cd-Ni mixtures. Scheuhammer and Cherian 
(1986) developed an Ag-saturation assay to quantify the amount of MT in tissue samples, which 
other researchers have used (Marie et al. 2006). The Ag-saturation assay was developed for 
mammalian MT, not crustaceans, and used rat blood hemolysate to remove excess Ag from the 
samples. However, I adopted a modification of that procedure, substituting bovine hemoglobin 
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for rat blood hemolysate because mammalian hemoglobin can bind to Ag (Murayama 1959) and 
denature with heating to remove excess Ag. Additionally, I used concentrations of heat-stable 
proteins (HSPs) as a surrogate for MT concentrations because of the ease of measuring HSPs 
compared to measuring MT. Calculating the MT tissue concentration depends on an accurate 
estimate of how many Ag atoms bind to each D. magna MT moleculem and the proportion of 
MT to other non-MT heat-stable, metal-binding proteins present in the HSP fraction. Although I 
expected that MT would constitute a large percentage of the HSPs based on previous studies 
(Scheuhammer and Cherian 1986, Marie et al. 2006), I did not test that assumption.  
Determining whether HSPs are responsible for the protective effect in Cd-Ni mixtures is 
important to the development of the BLM for metal mixture toxicity predictions for future 
regulatory use. The BLM currently does not include physiologically based processes that 
ameliorate metal toxicity. However, the BLM could in concept be parameterized to account for 
strictly geochemical mechanisms occurring in metal mixtures. Therefore, it is important to 
determine if physiological processes at least partly contribute to the protective effect(s) that 
underlie the less-than-additive toxicity in some metal mixtures.  
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CHAPTER TWO – LETHALITY OF CADMIUM-NICKEL MIXTURES 
2.1 Abstract 
Trace metals occur in the environment and can be essential nutrients for organisms, but 
even beneficial metals can be toxic at high concentrations. Understanding processes underlying 
metal-mixture toxicity to aquatic species is challenging. The toxicity of mixtures of cadmium 
(Cd) and nickel (Ni) to adult Daphnia magna is less than additive. Geochemical and 
physiological explanations have been posited to explain the effect, but not thus far tested. In the 
geochemical explanation, less-toxic Ni competes with Cd for binding sites on the organism, 
which prevents the more-toxic Cd from binding and thereby decreases mortality. In contrast, a 
commonly proposed physiological explanation is that the presence of a second, less toxic metal 
(Ni in this case) stimulates additional upregulation of metallothionein (MT), a metal-binding 
protein, which will then sequester more Cd and provide more protection against Cd toxicity. In 
this study, heat-stable proteins (HSPs), measured by the silver (Ag)-saturation method, were 
used as an indicator of MT production in adult Daphnia magna. Organisms exposed to Cd-Ni 
mixtures did not produce significantly more HSP than those exposed only to Cd. This result 
suggests that additional HSP production is not the mechanism by which the mixture mortality is 
decreased. Further testing is needed to determine if there is a different physiological explanation 
or if geochemical competition between Cd and Ni for binding to sites of toxic action on the 
organism is responsible.  
  
2.2 Introduction 
Acid mine drainage is a source of anthropogenic metal contamination in some surface 
waters in mineralized regions, exposing aquatic organisms to toxic metals such as Cd and Ni (He 
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et al. 2005, Tchounwou et al. 2012). Toxicity predictors such as the Biotic Ligand Model (BLM) 
that are currently used for regulatory purposes in some jurisdictions consider only one aqueous 
metal cation (e.g., Cd2+, Ni2+) at a time complexing with inorganic and organic ligands [e.g., 
CO3
-, dissolved organic matter (DOM)] and competing with major cations (e.g., H+, Na+, Ca2+) 
for binding sites on an organism (Di Toro et al. 2001). The presence of another toxicant metal 
cannot currently be incorporated into publicly available versions of the BLM. However, metal 
mixtures are common in metal-contaminated surface waters, and current regulatory approaches 
generally do not account for combined toxic effects in metal mixtures (Meyer et al. 2015). 
The toxicity of metal mixtures can be additive, more-than-additive, or less-than-additive 
depending on the metals involved and their concentrations (Vijver et al. 2011, Meyer et al. 
2015). Cadmium and Ni are toxic metals, but the toxicity of aqueous mixtures of these two 
metals can be less than additive in acute (Traudt et al. 2016) and chronic (Perez and Hoang 2018) 
exposures. However, no mechanism has yet been confirmed to explain the protective effect.  
 
2.3 Research Objectives and Hypotheses 
Two possible explanations have been proposed for the less-than-additive toxicity in Cd-
Ni mixtures (Traudt et al. 2016). The first is a geochemical model based on the BLM, which 
proposes that Ni outcompetes the more lethal Cd for binding sites on the organism. The second is 
that a physiological response within the organism, such as production of excess metal-binding, 
heat-stable proteins (HSPs) like metallothionein (MT), decreases the amount of bioreactive Cd 
inside an organism (Wang et al. 2018). Herein I test the hypothesis that an increase in HSP 
production is responsible for the less-than-additive toxicity in Cd-Ni mixtures. The hypothesis 
was tested by performing toxicity tests with Daphnia magna exposed to Cd, Ni, or Cd-Ni 
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combinations, and then analyzing tissue concentrations of HSPs. Additional experiments were 
performed to determine if preconditioning with Ni before Cd toxicity tests produces toxicity 
similar to the mixtures. 
 
2.3.1 Effect of Organism Age 
In order to later investigate the less-than-additive mortality in Cd-Ni mixtures, I needed 
to first conduct experiments that measured the tissue concentrations of metals. Toxicity tests with 
D. magna typically use organisms that are less than 24 h old (neonates; USEPA 2002) and weigh 
approximately 0.01 mg dry weight (De Pauw et al. 1981). Thus, experiments that rely on 
measuring tissue concentrations of metals rather than a mortality endpoint need a large number 
of neonates in order to be able to process a large enough total biomass to exceed instrument 
detection limits for metals. Greatly increasing the number of simultaneously exposed neonates 
would have impaired my ability to perform tests in a timely manner. However, older daphnids 
have larger body mass [e.g., 6-d-old D. magna weigh approximately 0.03 mg dry weight (De 
Pauw et al. 1981)], thus needing fewer organisms for tissue-based analyses. Thus, preliminary 
tests were needed to test if the non-additive toxicity in Cd-Ni mixtures using neonates (<24 h 
old) also occurs in adults. The null hypothesis for this question was: The pattern of decreased 
mortality as Ni concentration increases in Ni-Cd mixtures does not qualitatively differ between 
D. magna neonates and adults.  
 
2.3.2 Sequential Exposures to Ni 
It is currently unknown whether Ni must be present with Cd to decrease Cd toxicity in 
Cd-Ni mixtures. Stuhlbacher et al. (1992) conditioned D. magna neonates to Cd, Zn, and Cd-Zn 
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mixtures before exposing them to Cd or Zn in acute toxicity tests. Hereafter, I refer to exposure 
to a specified individual metal followed by exposure to another metal as a “sequential” exposure, 
and refer to the initial metal exposure as the “conditioning” period. Organisms from the 
conditioning period are termed “pre-exposed”. Those authors reported that conditioning with Zn 
and Cd-Zn mixtures significantly increased tolerance to Cd and Zn, but conditioning with Cd did 
not alter tolerance to Zn. Other metals and metal mixtures might or might not produce similar 
results, by the same or different mechanisms. Either a lack or a gradual loss of protection 
afforded by conditioning with Ni might provide clues to the mechanism of the protective effect 
of Ni against Cd toxicity. 
Because toxicity is significantly less in Cd-Ni mixtures than in Cd-only experiments 
(Traudt et al. 2016), I propose three possible mortality outcomes and associated hypotheses that 
span a range from no protection against Cd toxicity by conditioning organisms with Ni before Cd 
exposure, to the same protection as occurs in a Cd-Ni mixture (Figure 2.1 on page 17). The null 
hypothesis (Ho) is: Mortality does not differ between a Cd-only exposure and a Cd exposure 
preceded by exposure to Ni. That is, both metals must be together in an exposure water to 
provide protection to the organism. If this null hypothesis is supported and Ni must be present 
with the Cd to protect against Cd toxicity, the concentration-response curve for the sequential-
exposure toxicity should overlap the Cd-only concentration-response curve. An alternative 
hypothesis (HA,1) is: Mortality does not differ between exposure to a Cd-Ni exposure and a Cd 
exposure preceded by exposure to Ni. That is, the concentration-response curve for the 
sequential-exposure toxicity should overlap the concentration-response curve for the Cd-Ni 
mixture, indicating that Ni need not be present with Cd to provide the same protection as occurs 
in the mixture. A second alternative hypothesis (HA,2) is: Mortality in a Cd exposure preceded by 
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exposure to Ni is intermediate between the mortality in a Cd-only exposure and the mortality in a 
Cd-Ni mixture. That is, the concentration-response curve for the sequential-exposure toxicity 
should lie between the Cd-only and mixture concentration-response curves. This result implies a 
more complex situation or perhaps a time-dependent loss of the protective effect. 
 
Figure 2.1. Possible experimental outcomes of sequential-exposure tests at a given combination 
of Cd and Ni concentrations. “Cd only” refers to organisms exposed only to Cd, “Mix” refers to 
organisms exposed to a Cd-Ni mixture, and “Seq” refers to organisms conditioned with Ni 
before being exposed to only Cd. The three accompanying outcomes are: that Ni conditioning 
does not protect against Cd-only toxicity; that Ni conditioning fully protects as well as the 
mixture; and that Ni conditioning provides an intermediate amount of protection less than in the 
mixture. 
In concept, the BLM could explain non-additive toxicity in Cd-Ni mixtures because Cd 
and Ni might compete for binding sites on organisms. This is an extension of the known 
protective effect of major cations (Ca+2, Mg+2, and Na+) against cationic metal toxicity (Adams 
et al. 2019). Support of the null hypothesis would be consistent with this mechanism because the 
Ni would have to be present with the Cd. However, support for either of the alternative 
hypotheses might still be consistent with the BLM if dissociation of Ni bound to the organism 
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during the conditioning period is slow, which allows Ni to initially block Cd binding sites during 
the first day of the toxicity test. 
In concept, a physiological process such as Ni-stimulated upregulation of MT production 
that results in additional complexation of Cd inside an organism could also explain non-additive 
toxicity in Cd-Ni mixtures. However, I am unaware of any experiments providing evidence that 
Ni stimulates upregulation of MT in D. magna.  
Thus, sequential tests with a mortality endpoint cannot alone fully support or reject a 
geochemical or physiological actor being responsible for less-than-additive toxicity in Cd-Ni 
mixtures. A direct test is therefore needed to support or reject upregulation of MT by Ni 
conditioning. 
 
2.3.3 Metallothionein and Heat-Stable Proteins 
Although several physiological mechanisms can decrease metal toxicity, the upregulation 
of production of metal-binding proteins is a possible explanation for decreasing Cd toxicity in 
Cd-Ni mixtures (Chapter 1). Metallothionein is a metal-binding protein that contains a series of 
cysteine residues (Coyle et al. 2002). Cysteine is an amino acid containing sulfur, which can bind 
to metal ions and prevent them from harming the organism once internalized. Srivastava et.al. 
(1995) exposed mice to Cd or Ag before exposing them to Ni without Cd or Ag and documented 
a higher MT concentration in their tissues, as well as a “protective effect” that was measured as a 
decrease in the hepatic lipid peroxidation due to Ni. Guan and Wang (2004) demonstrated that 
acute Cd exposure resulted in a higher MT body burden in D. magna. Stuhlbacher et al. (1992) 
also measured the tissue concentration of HSPs in experiments in which they conditioned D. 
magna neonates with Cd, Zn, and Cd-Zn mixtures. They reported that increased tolerance to Cd 
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and Zn corresponded to an increase in HSPs and suspected that physiological adaptation via HSP 
upregulation was a likely mechanism. The additional MT can sequester Cd more effectively 
when Cd is introduced. But, eventually the ability of MT to compensate can be overwhelmed.  
If upregulation of MT production (as indicated by increased HSP concentration) is at 
least partially responsible for the protective effect of Ni against Cd toxicity, I predict that 
exposure to Ni would increase the HSP concentration in D. magna exposed to Cd after 
conditioning with Ni and possibly also in D. magna exposed only to Ni. Some possible 
experimental outcomes and associated hypotheses are presented in Figure 2.2.  
 
Figure 2.2. Possible outcomes for concentrations of heat-stable proteins (HSPs), in experiments 
testing if Ni conditioning protects against Cd toxicity. “Background” refers to organisms in 
metal-free water for a conditioning period and harvested at the end of that period. “Pre-
exposure” organisms are left in Ni-containing water for the conditioning period and harvested at 
the end of that period. “Controls” are taken from the surviving “Background” organisms and 
used in the 24- or 48-h exposures before harvesting. “Ni-only” organisms are also taken 
“Background” organisms and used in the 24-h or 48-h exposures before harvesting. 
The null hypothesis (H0) is: The tissue concentration of HSPs does not differ between organisms 
not exposed to metals and organisms exposed to Ni for the same duration. That is, Ni does not 
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upregulate HSP at this concentration and exposure duration in D. magna. The H0 would be 
supported if the HSP concentration in the background (i.e., organisms harvested after MHRW 
conditioning) and pre-exposure (i.e., organisms harvested after Ni conditioning) do not differ, as 
well as if the control and Ni-only treatments do not differ. An alternative hypothesis (HA) is: The 
tissue concentration of HSPs is significantly higher in organisms exposed to Ni compared to 
organisms not exposed to metal. That is, Ni stimulates upregulation of HSPs at this concentration 
and exposure duration in D. magna. The HA would be supported if the pre-exposure had a 
significantly higher tissue concentration of HSPs than the background, and if the Ni-only 
treatment had a higher HSP concentration than the control. 
Whether or not Ni alone appears to upregulate HSP production, the simultaneous 
exposure of Cd and Ni may produce different results than exposure to Cd only. Figure 2.3 shows 
two possible outcomes for the HSP-bound Ag concentrations in Cd-only, mixture, and control.  
 
Figure 2.3: Possible outcomes for concentrations of heat-stable proteins (HSPs) in experiments 
testing if exposure to a Cd-Ni mixture upregulates production of more HSPs than exposure to Cd 
only. Controls are not exposed to metals, Cd-only treatments are exposed only to Cd, and 
mixture treatments are simultaneously exposed to Cd and Ni.  
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The null hypothesis (H0) is: The tissue concentration of HSPs is not significantly higher in 
organisms exposed to a Cd-Ni mixture than in organisms exposed only to Cd. That is, additional 
upregulation of HSP is not responsible for lower mortality in Cd-Ni mixtures. The H0 would be 
supported if the concentration of HSPs in the Cd-only trial was equal to or lower than that of the 
mixture. Exposure to Cd upregulates MT production (Stuhlbacher et al. 1992, Guan and Wang 
2004, Marie et al. 2006), but if the added Ni does not increase the tissue concentration of HSPs, 
then additional upregulation of HSPs does not likely explain the protection from Cd toxicity in 
Cd-Ni mixtures. An alternative hypothesis (HA) is: The tissue concentration of HSPs is 
significantly greater in organisms exposed to a Cd-Ni mixture than in organisms exposed only to 
Cd. That is, the presence of Ni with Cd stimulates upregulation of HSP production. The HA 
would be supported if the tissue concentration of HSPs in the Cd-only exposure was equal to or 
lower than the mixture, because the extra HSP stimulated by a Cd-Ni mixture would most likely 
bind to the Cd and decrease the amount of bioactive Cd in the organism.  
 
2.4 Methods 
A series of laboratory acute (48-h) toxicity tests were performed on D. magna over 
approximately a 1-year period, with the variables under consideration being: organism age, metal 
mixture composition, and timing of metal exposure (i.e., sequential exposures or mixtures). 
Three Ag-saturation experiments were also performed on tissues collected from organisms 




Female D. magna of uniform age were ordered from Aquatic Biosystems in Fort Collins, 
Colorado, USA and delivered to the Colorado School of Mines (CSM) by same-day courier or 
overnight mail within a few hours of starting the exposures. The shipment also contained yeast 
trout chow (YTC) and green algae (Raphidocelis subcapitata) for feeding the daphnids. The D. 
magna were kept in an incubator at 20 °C if the experiment did not begin immediately after 
arrival at CSM. Live organisms were removed from the transit water and rinsed with moderately 
hard reconstituted water (MHRW; USEPA 2002) before being transferred into the exposure 
water. 
 
2.4.2 Toxicity Tests 
The D. magna were exposed to one of a few general treatments in the toxicity tests, 
including: a series of increasing concentrations of Cd- or Ni-only, mixtures containing a series of 
increasing Cd concentrations combined with a constant Ni concentration (including a zero Cd 
addition), and no metals (control). An additional sequential-exposure experiment included a Ni-
conditioning period for 24 h before being exposed to Cd-only solutions for an additional 48 h. 
Water chemistry was held constant and composition verified by chemical analysis. 
Polystyrene 50-mL exposure cups and 250- to 500-mL high-density polyethylene 
(HDPE) containers for exposure water preparation were acid washed before each experiment and 
rinsed for >24 h in Nanopure water. Nanopure water was used to make USEPA MHRW 
(Appendix Table A.1), to which Suwannee River Fulvic Acid (SRFA Standard II, International 
Humic Substances Society, Saint Paul, Minnesota, USA) was added to achieve a total organic 
carbon (TOC) concentration of approximately 3 mg C/L. Cadmium or Ni was spiked into the 
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MHRW as aqueous CdCl2 (Fluka Analytical, anhydrous, ≥99.0% purity) or NiCl2 (Aldrich, 98% 
purity). To prepare Cd-only and Cd-Ni mixtures, the Cd was spiked into MHRW first, then a 
subsample was removed to be additionally spiked with Ni. Concentrations were chosen to target 
a mortality range from 0 to 100% in each test. All testing solutions were prepared >24 h before 
adding organisms, in order to equilibrate the metals with the TOC. Exposure chambers were 
placed on foam trays in a 6x4 matrix of holes cut to hold the cups (Figure 2.4).  
 
Figure 2.4. Setup of exposure chambers, with replicate cups shown in columns. Treatments 
typically had a constant Ni concentration of approximately 1 mg/L, and a series of increasing Cd 
concentrations up to 800 μg/L. Controls (no added metals) were also included, and one Cd-Ni 
mixture contained no added Cd.  
Twenty to 30 mL of an exposure solution was added to the appropriate cup, with each 
treatment having 4 to 6 replicate cups, depending on the test. Daphnids were randomly 
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distributed among the cups, placing approximately five daphnids in each cup. A plastic pipet was 
used to minimize transferred water that would dilute the exposure water. The test-initiation time 
was recorded when all daphnids were in the appropriate cups. Each test was conducted for at 
least 24 h, with immobilized daphnids (representing mortality) counted every 24 h. All cups were 
placed in a VWR incubator set to 16:18 h day/night cycle, at approximately 20 ºC.  
Toxicity of Cd, Ni, and Cd-Ni mixtures was examined across a range of daphnid ages. An 
initial test was performed exposing ≤1-, 2-, 4-, and 7-d-old D. magna to different Cd 
concentrations to estimate the Cd EC50 (concentration causing immobilization of one half the 
number of organisms) for each age. Six-d-old adult and neonate (≤1-d-old) daphnids were 
additionally exposed to a series of Cd-Ni mixtures in which Cd was held constant near the EC50 
for the age of the organism tested, and Ni was varied between 0 and 8 mg/L. The results of these 
tests were used to determine the Ni concentration necessary to protect against Cd toxicity at each 
age and to estimate the Cd EC50 for use in subsequent experiments. The estimates were refined 
after each test. 
In initial sequential-exposure tests, the Ni-conditioning period and the other exposures 
were started at the same time (t0 in Figure 2.5 on page 25). Organisms were randomly distributed 
into one of four general treatments: the sequential exposure, in which they were conditioned for 
24 h in a fixed Ni concentration before being transferred to exposure waters containing a series 
of increasing Cd concentrations for an additional 48-h exposure; the control, in which the 
daphnids were left in metal-free water for 72 h; Cd-only, in which the daphnids were placed into 
exposure waters containing a series of increasing Cd concentrations; and the Cd-Ni mixture, in 
which the daphnids were placed in exposure waters containing a constant Ni concentration and 
one of a series of increasing Cd concentrations.  
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Figure 2.5. The general experimental design of the first sequential-exposure toxicity tests, with a 
timeline to indicate chronology. All exposures were initiated at the same time t0, resulting in an 
asynchronous timing of the exposures to the metals. The sequential-exposure of Ni followed by 
Cd, and the control, were conducted for a total of 72 h, while the treatments containing only Cd 
or a Cd-Ni mixture were conducted for a total of only 48 h. Therefore, the Cd exposure in the 
sequential-exposure test started 24 h after the Cd exposure in the Cd-only and the Cd-Ni mixture 
tests. 
The asynchronous nature of these tests led to a revised method in which D. magna were 
randomly divided into two pre-treatment groups (Figure 2.6 on page 26). One group was placed 
into metal-free water and the other group was placed into ~1 mg Ni/L. These are referred to 
herein as the “background” and “pre-exposure” groups, respectively. Both groups were 
incubated in those waters for 21 h before they were transferred to feeding solutions that 
contained YTC and R. subcapitata but no metals for a 3-h feeding period. After feeding, the 
organisms were rinsed in MHRW before being randomly assigned to exposure cups containing 
one of the following exposure waters for lethality tests: metal-free water for the control; a series 
of increasing Cd concentrations for the Cd-only exposures; a series of increasing Cd 
concentrations for the sequential exposure; or a solution that contained a constant Ni 
concentration and a series of increasing Cd concentrations for the Cd-Ni mixture exposures. In 
this way all organisms—conditioned with Ni or not—were fed before the 48-h toxicity test. 
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Cadmium concentrations used in each sequential-exposure test ranged from 100 to 800 μg/L. 
Nickel concentration was held constant at ~1 mg/L in Cd-Ni mixtures.  
In experiments to measure tissue concentrations of HSPs, the series of increasing Cd 
concentrations for the sequential exposures was eliminated, and a Ni-only exposure was 
conducted at an appropriate Ni concentration. In the final 48-h test for analysis of tissue 
concentrations of HSPs, a conditioning period was not used and all organisms were immediately 
placed into the exposure water for the 48-h test. 
 
Figure 2.6. Experimental design of the revised sequential-exposure tests and/or the exposures for 
analysis of tissue concentrations of HSPs. All exposures began with a 21 h conditioning period, 
either in ~ 1 mg Ni/L or in water that contained no added Cd or Ni. All organisms were then 
transferred to fresh containers for 3 h of feeding in metal-free water, followed by either a 24- or 
48-h exposure in the appropriate exposure water. All organisms were the same age at the final 
mortality endpoint and had been without food for 48 h at the end of the test. “Ni-only,” 
“background,” and “pre-exposure” treatments were only used in HSP tests, and “sequential” 
exposures were not used in HSP tests.  
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2.4.3 Chemical Analyses 
The water chemistry parameters of each experiment were measured or sampled for later 
analysis before the test was initiated. Alkalinity was measured with a titration kit (HACH 
Chemical Company, Loveland, Colorado, USA), pH was measured with a sympHony sp80PC 
probe (VWR, Radnor, Pennsylvania, USA), and TOC was measured by UV-persulfate oxidation 
(Shimadzu TOC Analyzer, Kyoto, Kyoto, Japan). I used TOC as a surrogate for dissolved 
organic carbon (DOC) because the MHRW used in all exposures was prepared in particle-free 
water, and no particulates were added to the exposure waters; therefore, the TOC and DOC 
concentrations were assumed to be equal. Dissolved oxygen and temperature were measured in 
one replicate with a 55 DO meter (YSI Incorporated, Yellow Springs, Ohio, USA) either at the 
end of the test or sooner, if 100% immobilization occurred in that treatment. 
Before the daphnids were added to the exposure water, ten mL samples of each exposure 
solution were removed and acidified with concentrated trace-metal-grade HNO3 (Fisher 
Chemical) to approximately 2% for inductively coupled plasma-optical emission spectroscopy 
(ICP-OES; Optima 5300, PerkinElmer) analysis to measure Ca2+ and Mg2+ for hardness, 
additional major inorganic cations K+ and Na+, S to estimate SO4
2-, as well as Cd2+ and Ni2+ 
metal concentrations (Appendix Table A.2). In the ICP-OES analysis, a 2-point calibration 
[AccuStandard QCS 01-5, HPS (formerly High-Purity Standards) QCS-7-M, 10M54-5] was 
used. To monitor instrument performance, after every 10 samples the continuing calibration 
verification (CCV) check solutions (High Purity Standards Continuing Check Verification 
Standard 1 Solution A and B) were measured and if analytes of interest exceeded ±15% of the 
CCV value, the instrument was recalibrated and the samples were run again. 
28 
Because I did not filter the water samples, elements are reported as total concentrations. It 
was assumed that (1) because the metals were added as unsaturated aqueous CdCl2 and NiCl2 
solutions, nearly complete dissociation would be achieved and (2) combined with a lack of 
particles in the exposure waters, dissolved and total metal concentrations would be equal. Prior 
work (Traudt et al. 2016) found this approach eliminated metal loss by sorption to the filters. 
Heat-stable proteins were measured by a modified procedure of the Ag-saturation method 
developed by Scheuhammer and Cherian (1986). This process allowed any excess Ag not bound 
to HSPs to bind to hemoglobin, which denatures when heated and can be centrifuged to remove 
it from solution. The Ag concentration of the final supernatant represented the amount bound to 
the HSP fraction and was quantified with ICP-MS as an index of the amount of HSP in the 
organisms. Three tests were performed, one 24-h test and two 48-h tests. Three to six replicates 
were used for each treatment in each test.  
At the end of each HSP treatment shown in Figure 2.6, the daphnids were removed from 
their exposure water and rinsed in MHRW. Organisms were then dried by first sieving with a 
plastic size 80 mesh and then by placing the mesh with daphnids onto a Kimwipe to wick away 
excess water. All living organisms (~20-30 animals) in a replicate were then composited into a 
weighed 2.5-mL centrifuge tube, weighed, and frozen overnight at 0 °C to euthanize them. Next, 
0.400 mL of 0.25 M sucrose (Sigma BioUltra ≥ 99.5%) and 0.400 mL of 0.5 M glycine buffer 
(Fisher Scientific reagent grade, pH 8.5) were pipetted into each centrifuge tube. The tissue was 
homogenized with a 500 Watt sonicator (Qsonica, Newtown, Connecticut, USA; 1 min, 1 sec 
on/1 sec off pulses at 20% amplitude). The homogenate was centrifuged for 20 min at 20 °C at 
13,000 rpm with a PrismR centrifuge (Labnet International, Edison, New Jersey, USA), and the 
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supernatant was removed to a new tube in order to separate the “soluble” proteins from the bulk 
tissue.  
The supernatant was spiked with 0.500 mL of 20 μg/mL Ag (diluted from PerkinElmer 
Pure ICP-MS 1000 μg/mL standard) and incubated for 5 min. The Ag concentration and 
incubation period was shown in preliminary experiments to saturate the HSP to a detectable 
extent without a large excess that would require large amounts of Hb to remove. Next, each tube 
received 0.100 mL of bovine hemoglobin (Hb, AlfaAesar), was mixed well, and was placed into 
a simmering water bath for 1.5 to 2 min until the red color of the Hb turned yellow, indicating 
denaturation. Samples were centrifuged at 13,000 rpm for 5 min, and the supernatant was 
removed to a new tube. The Hb-addition, heating, and centrifuging steps were repeated two 
additional times before the final supernatant was transferred to a weighed 15-mL Falcon tube, 
weighed, and diluted to 5 mL with 2% trace-metal-grade HNO3 (Fisher Chemical) before a final 
weighing.  
ICP-MS analysis (Perkin Elmer NexION 350) was used to quantify the concentration of 
Ag in the final diluted supernatants. The calibration curve contained six points from 0.01 to 50 
μg Ag/L. Standards contained 24% glycine buffer and 8% sucrose buffer to account for potential 
matrix effects. The curve was a linear fit, forced through zero. A 10 μg In/L solution was used as 
an internal standard, and a standard ICP-MS software correction was used to account for 
potential interference by 118Sn (although this was unnecessary for these Sn-free samples). Each 
reported measurement is averaged from 5 replicate measurements at 1 reading/replicate and 20 
sweeps/reading (107Ag and 109Ag). 
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2.4.4 Data Analyses 
The total number of immobilized daphnids in each treatment was divided by the total 
number of daphnids in the treatment, then multiplied by 100% to calculate percent mortality. 
These percentages were plotted against the metal concentrations analyzed by ICP-OES to 
generate concentration-response curves. The EC50 of sequential-exposure concentration-
response curves was calculated for each experiment at 24 and 48 h by entering the 
concentrations, the number of surviving organisms, and the total number of organisms for each 
treatment into the USEPA Toxicity Relationship Analysis Program Version 1.30 (TRAP, 
USEPA 2016). A tolerance distribution was used for the analysis type, and a Gaussian 
distribution was used for the model shape. Two parameters were used, and no exposure variable 
transform was used. A 1.00 was entered for the Y0 initial value, representing the expected 
proportion of surviving organisms when no toxicant was added. TRAP generated an EC50 with a 
95% confidence interval. 
For the sequential-exposure experiments, metal concentration was converted to toxic 
units (TUs) in order to account for among-batch changes in organism sensitivity to Cd. Cadmium 
concentrations were converted to TUs by dividing each treatment concentration by the Cd-only 
EC50 generated by TRAP. Thus, the EC50 of the Cd-only curve by definition occurs at 1 TU, 
and all other data points in that experiment were then normalized to this point. This 
transformation eliminated potential variations in toxicity due to among-test differences in 
exposure-water chemistry and/or organism sensitivity, because only the relative toxicity is 
examined.  
A composite concentration-response curve was generated for each type of treatment at 
each time point (24 and 48 h) by compiling the results of the three separate experiments. The 
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TU-normalized results of each treatment in all three experiments were entered into TRAP to 
generate a new EC50 with a standard deviation and corresponding 95% confidence interval. The 
95% confidence interval was compared for overlap between treatments to determine if the curves 
differed. Microsoft Excel was used to generate a standard normal distribution for each curve 
using the NORM.S.DIST function, the EC50, standard deviation, and a set of hypothetical curve 
concentrations increasing by 0.2 TUs from 0 to 5 TU. These data sets were then graphed with the 
experimental data. 
For HSP analyses, the tissue concentration of HSP-bound Ag was calculated for each 
replicate treatment as follows: 
μg Agg wet wt = [sample Ag] (mL sample soln)(g wet wt)   (2.1) 
where “sample Ag” is the μg Ag/mL reported by ICP-MS analysis for a given sample, “mL 
sample solution” is the volume of the sample calculated from the mass of solution (assuming 1 
mL = 1 g because the solutions were dilute), and “g wet wt” is the tissue mass of daphnids 
recorded before processing. The replicates of each treatment were averaged, and a standard error 
was calculated. Significance between treatments at a 95% confidence level was determined by 
one-factor analysis of variance ANOVA followed by post-hoc pairwise comparisons. Stata 
Version 14 (StataCorp LLC, College Station, Texas, USA) was used to perform the analyses. 
Bonferroni, Sidak, and Scheffe post-hoc pairwise comparisons were conducted, but only the 
Bonferroni are presented because all three methods produced similar results and indicated the 
same statistical inferences. A p value (Type I error probability) <0.05 was considered significant, 
and a value <0.01 was considered highly significant. 
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2.5 Results and Discussion 
Exposure water chemistry parameters were largely consistent across toxicity experiments 
(Appendix Table A.2). Temperatures of the exposure water averaged between 16.5 and 19.3 °C, 
except in my first experiment where the incubator light bulbs were too intense and overheated 
the incubator. The pH of the waters averaged between 7.3 and 8.0. DOC was measured to be 
between 2.7 and 3.4 mg DOC/L, near the anticipated 3 mg DOC/L. Alkalinity ranged between 
44.5 and 64.0 mg CaCO3/L, and calculated hardness ranged between 78.5 and 88.3 mg CaCO3/L; 
these values were very close to or within the water chemistry ranges in Appendix Table A.1. The 
concentrations of Na+, K+, and SO4
2- were within similarly narrow ranges (Appendix Table A.2). 
Additionally, control mortality in all tests was ≤10% (Appendix Tables A.3-A.5, and A.7-A.9), 
except as noted below. 
 
2.5.1 Age Experiments 
In Cd-only toxicity tests, mortality at a given concentration generally decreased as age 
increased (Appendix Figure A.1) but because the concentration-response data were similar 
among all ages, the organisms appear to have responded similarly to Cd. Experimental noise may 
have been due to my initial inexperience with the testing methods. More importantly, toxicity in 
the Cd-Ni mixture tests was less-than-additive in both the neonates and 6-d-old D. magna 
(Figure 2.7 on page 33). Thus, aging of the organisms was not accompanied by the loss of the 
protective effect of Ni against Cd toxicity. The mortality response was shifted horizontally to the 
right for the 6-d-old organisms compared to the neonates, because a higher concentration of Ni 
was needed to cause the same amount of less-than-additive toxicity. The shift was likely due to 
the overall higher Cd concentrations used for the adults, resulting in a higher ratio of Cd to Ni, 
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which makes the same concentration of Ni less effective at lowering mortality for the tests with 
the older organisms. Minimum mortality for both ages occurred near 1 mg Ni/L. In subsequent 
experiments, 6-d-old organisms were used and 1 mg Ni/L was selected for the maximum non-
lethal Ni concentration that might produce the most obvious less-than-additive toxicity.  
 
Figure 2.7. Results of duplicate Cd-Ni mixture toxicity tests, in which Cd concentration was held 
constant and Ni concentration was increased in an exposure series for either neonate (<1-d old) 
or adult (6-d-old) Daphnia magna. Different concentrations of Cd were used at approximately 
the median effect concentration (EC50) for Cd for each age class. 
 
2.5.2 Sequential-Exposure Experiments 
The initial sequential-exposure tests were problematic because the conditioning period 
(24 h) was immediately followed by a 48-h Cd toxicity test (Figure 2.5). Thus, by the end of the 
sequential treatment (72 h in total for Ni-conditioned organisms), the D. magna in that treatment 
had not been fed for a relatively long time (50% longer than a standard 48-h D. magna toxicity 
test in which organisms are not fed; USEPA 2002). Greater than 10% mortality sometimes 
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occurred in the accompanying 72-h controls (Appendix Figure A.2b), which would qualify as a 
failed test by USEPA (2002) toxicity-testing criteria. Starvation is the most likely explanation, as 
discussed further in the Appendix. Organisms were additionally not the same age at the end of 
the sequential exposure as compared to the Cd-only and mixture tests. 
Due to high mortality in the controls at 72 h and the asynchronous nature of these first 
experiments, I modified the experimental design (Figure 2.6). Figure 2.8 shows the 
concentration-response relationships for Cd at 24 and 48 h in each treatment following the new 
design (Figure 2.6). Mortality and concentration data are listed in Appendix Tables A.3 to A.5. 
 
Figure 2.8. Toxicity results for Daphnia magna in three different experiments (A, B, C) at a.) 24 
h and b.) 48 h into the Cd exposures. The Ni concentration was held constant at ~1 mg/L in the 
Cd-Ni mixture. “Sequential” daphnids were exposed to 1 mg/L Ni for 21 h before a 48-h 
exposure to Cd. “Cd-only” and “mixture” daphnids were conditioned in moderately hard 
reconstituted water during the conditioning period to retain synchrony with the sequential 
treatment before exposure to Cd-containing waters (Cd-only and Cd-Ni mixture). The circled 
point is likely an outlier. 
In all treatments, mortality generally increased as Cd concentration increased (Figure 
2.8). At any given concentration except the circled point, mortality was lower in the Cd-Ni 
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mixture than in the Cd-only and sequentially exposed treatments. I believe the circled point is an 
outlier because nowhere near 100% mortality occurred at or near that concentration (131 µg 
Cd/L) in any other Cd-Ni mixture tests conducted by me or Traudt et al. (2016, 2017). It is 
possible that the exposure chambers or solution were contaminated with a toxicant during the 
experimental preparation, but this has not been confirmed. All other data points in test C were 
consistent with results in other tests and thus were not excluded. Sequential-exposure and Cd-
only mortalities at concentrations between 350 and 650 μg Cd/L in Experiment B were elevated 
as well, possibly due to higher K+ concentrations in those solutions (Appendix Table A.2). 
Decreased mortality in the Cd-Ni mixture was consistent with the protection by Ni against Cd 
toxicity reported in other acute and chronic tests (Traudt et al. 2016, Perez and Hoang 2018). 
Conditioning with Ni in the sequential-exposure treatments appeared to provide some 
intermediate protection at 24 h (particularly tests A and C) but not at 48 h; however, trends were 
difficult to distinguish due to experimental noise, especially in test B. Cadmium concentrations 
varied between experiments, both deliberately to capture different toxic regions and via pipetting 
error. Additionally, water chemistry varied somewhat. As a result, the overall differences among 
the treatments are difficult to infer from data shown in Figure 2.8.  
In Figure 2.9 (page 36), the Cd concentrations in the three replicate sequential-exposure 
experiments have been converted to TUs, and curves have been fitted to the data points. 
Normalizing to Cd TU concentrations factored out at least some of the among-test variability. In 
Figure 2.9, solid curves represent the concentration-response relationships fitted to all three 
replicate experiments in each exposure group. The dotted red curve in Figure 2.9a (24-h results) 
fits the Cd-Ni mixture data from experiments A and C, excluding experiment B. For an 
unidentified reason, the mixture data from experiment B shifted to the right compared to the 
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other two experiments. Its inclusion weights the red curve farther right and possibly spuriously 
increases the apparent protective effect of Ni against Cd toxicity in Cd-Ni mixtures at 24 h. 
However, the 48-h results support use of the solid red curve at 24 h, because of the wide 
separation of the red curve from the blue and black curves at 48 h and the absence of obvious 
experimental outliers or errors in experiment B.  
 
Figure 2.9. Toxicity curves for adult Daphnia magna in the three different sequential-exposure 
experiments (A, B, C), at 24 h (a) and 48 h (b). These are the same data as in Figure 2.8, but with 
the Cd exposure concentrations converted to toxic units (TUs). The circled points were excluded 
as outliers. Curves were generated using median effects concentration (EC50) and standard 
deviation calculated with the Toxicity Relationship Analysis Program (TRAP; USEPA 2016) 
software. Sequentially exposed treatments were conditioned with ~1 mg Ni/L for 21 h before 
being transferred to Cd-exposure waters. Cd-only and Mixture refer to organisms held in metal-
free moderately hard reconstituted water during the 21-h conditioning period before being 
transferred to Cd or Cd-Ni mixture exposure waters, respectively. 
Figure 2.9 demonstrates the protective effect of Ni more clearly than Figure 2.8 and 
shows the relationship of the concentration-response curve for the sequential exposure (black 
curve) to the Cd-only (blue) and mixture (red) curves. Two possible outlier points are identified 
in Figure 2.9, one of which is the same point discussed previously. The other occurred in the 48 
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h Cd-only curve. Both points were excluded from the curve fits due to their unusually high 
mortality at a relatively low Cd concentration. The calculated EC50, 95% confidence interval 
(CI), and standard deviation of each curve in Figure 2.9 are presented in Table 2.1. 
Table 2.1. The median effect concentration (EC50), 95% confidence interval, and standard 
deviation (s.d.) for each curve in Figure 2.9, generated by the Toxicity Relationship Analysis 
Program (TRAP; USEPA 2016) software. The “Notes” column lists data points and/or 
experiments that were eliminated for each curve. LCL = lower confidence limit, UCL = upper 
confidence limit. 
 
At 24 h, the EC50 for the Cd-only curve (Figure 2.9a) lies at 1.00 TU, as expected 
because all of the data points from all three treatments were normalized to the Cd-only 24 h 
EC50 in each experiment (i.e., separate Cd-only EC50 values for Experiments A, B, and C). 
Both of the two different EC50 values for the Cd-Ni mixtures (one at 1.74 TUs for the dotted 
curve excluding Experiment B, and 2.67 TUs for the solid curve including the mixture treatments 
from all three experiments) differed significantly from each other and were greater than the Cd-
only EC50, as indicated by non-overlap of the 95% confidence intervals. The EC50 for the 
sequential exposure was 1.364 TUs, significantly greater than the Cd-only EC50 but significantly 
less than both of the Cd-Ni mixture EC50 values. 
Therefore, the sequential exposure provided some protection from Cd toxicity at 24 h of 
exposure, but not as much protection as the Cd-Ni mixture. The null hypothesis of no difference 
Curve
EC50 in TUs
(95% LCL - 95% UCL)
s.d. Notes
24-h Cd 0.999 (0.930 - 1.068) 0.5472 All data points used
24-h Seq 1.365 (1.303 - 1.428) 0.4064 All data points used
24-h Mix (dotted) 1.738 (1.632 - 1.845) 0.2826 Expts A and C, outlier removed
24-h Mix (solid) 2.671 (2.371 - 2.970) 0.9104 All Expts, outlier removed
48-h Cd 0.987 (0.878 - 1.096) 0.5512 Outlier removed
48-h Seq 1.255 (1.128 - 1.381) 0.7624 All data points used
48-h Mix 2.784 (2.657 - 2.910) 0.8040 All data points used
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in mortality between the Cd-only and sequential-exposure treatments is not supported at 24 h, 
indicating that the metals did not need to co-occur for Ni to provide some protection against Cd 
toxicity at lower Cd TUs. Near 1 TU, mortality in the sequential exposure was much lower than 
mortality in the Cd-only exposures, but at ≥2 TUs the concentration-response curves nearly 
overlapped. Across all Cd concentrations, mortality in the Cd-Ni mixtures remained lower than 
in the Cd-only and the sequential-exposure tests.  
At 48 h, no overlap of the 95% confidence intervals for the Cd-only EC50 (0.99 TUs, 
normalized to the 48-h Cd-only EC50) and the sequential-exposure EC50 (1.26 TUs) indicates 
that the two concentration-response curves differ significantly. The EC50 of the Cd-Ni mixture 
was 2.78 TUs (normalized to the 48-h Cd-only EC50), which was similar to its 24-h EC50 
(normalized to the 24-h Cd EC50). The 48-h EC50 confidence intervals for Cd-only and for the 
sequential-exposure did not overlap with the 48-h EC50 confidence interval for the Cd-Ni 
mixture interval, indicating that the concentration-response curve for the Cd-Ni mixture differed 
from the other two curves. The EC50s of the Cd-only and sequential-exposure curves were 
closer at 48 h (a difference of 0.27 TUs) than at 24 h (a difference of 0.37 TUs). The EC50s of 
the sequential-exposure and Cd-Ni mixture (solid) curves were farther apart at 48 h (a difference 
of 1.53 TUs) than 24 h (a difference of 1.31 TUs). The sequential-exposure EC50 shifted closer 
to the Cd-only curve between 24 and 48 h, though the two treatments were still statistically 
different.  
Overall, these results indicate intermediate protection by Ni does persist through 48 h, but 
may be gradually decreasing over this time period. Therefore, in the longer term of a 48-h 
exposure [the exposure time used in standard acute toxicity tests with D. magna and by Traudt et 
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al. (2016)], HA,2 is supported (i.e., Ni conditioning provides some intermediate protection from 
Cd toxicity through 48 h). 
Because Ni is not acutely lethal to D. magna at the relatively high concentration of 1 mg 
Ni/L used in these toxicity tests (Traudt et al. 2016, 2017), Ni could be blocking toxicologically 
active sites, preventing the organisms from binding the more toxic Cd. That the sequential 
exposure to Ni followed by Cd did not provide the full protection that a simultaneous exposure 
did, the possible loss of the protection Ni affords against Cd toxicity in the sequential-exposure 
treatment, and the decreased protection at higher Cd TUs in the sequential exposure could simply 
be a result of exchange of Cd for Ni on the active sites during the 48-h tests once Ni is no longer 
in excess and Cd is. However, an alternate explanation invoking a physiological response (e.g., 
increased upregulation of MT production) cannot be excluded based only on these mortality 
results. 
 
2.5.3 Heat-Stable Proteins 
In the initial HSP experiments, D. magna mortalities were low in the controls and the Ni-
only treatments after separate 24- and 48-h exposures (0.6-2.7%; Figure 2.10 on page 40). I 
expected few deaths in those treatments because the organisms were exposed to either no metals 
or to only a sublethal Ni concentration. At 24 h, there was no statistically significant difference 
in HSP-bound Ag between any treatment pairs (p ≥ 0.2165; Appendix Table A.10). This is 
strong evidence that Ni does not stimulate upregulation of HSP production in these organisms. 
At 48 h, the pre-exposure organisms had significantly higher HSP-bound Ag than the controls (p 
= 0.017), but no other pairwise comparison was statistically significant (Appendix Table A.11). 
A lack of difference between background and pre-exposure, and between control and Ni-only, is 
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evidence that Ni does not significantly stimulate upregulation of HSP production. The difference 
between control and pre-exposure is more difficult to interpret, because control organisms were 
harvested 48 h after the pre-exposure and were not pre-treated in the same manner. The controls 
for both experiments were lower (one significantly, and one not) than the backgrounds, which 
could imply some loss or dilution of HSP as the organisms age and grow; however, I did not 
investigate this, because individual organism weights were not determined. The lack of this 
measurement means that it is not possible to attribute an HSP concentration to individual 
animals, and therefore impossible to determine whether larger, older daphnids had a lower HSP 
concentration than younger daphnids. 
 
Figure 2.10. Heat-stable protein (HSP)-bound Ag concentrations in adult Daphnia magna in 
separate (a) 24- and (b) 48-h toxicity tests. The dotted line distinguishes two different sampling 
time points within the experiment. “Background” organisms were harvested after a 21-h 
conditioning period in metal-free moderately hard reconstituted water (MHRW), and “pre-
exposed” organisms were harvested after a 21-h conditioning period in MHRW that contained 
~1 mg Ni/L. “Control” and “Ni-only” were held in MHRW for a 21-h conditioning period, then 
exposed to either metal-free MHRW or to Ni, respectively, and harvested at the end of the 
experiment. Mortality percentages are shown above the bars. Different capital letters indicate 
significant differences among treatments. Error bars are ±1 standard error of the mean. 
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Overall, the results of the 24- and 48-h experiments support the null hypothesis of no 
difference between the HSP-bound Ag of daphnids conditioned with MHRW (background) or 
with 1 mg Ni/L (pre-exposure). The small protective effect seen at 1 TU in the sequential-
exposure treatment at 24 h (Figure 2.9a) cannot be explained by stimulation of HSP 
upregulation, because tissue concentration of HSP did not differ significantly between the 
background treatments (conditioned in MHRW) and the pre-exposure treatments (conditioned in 
Ni). 
Figure 2.11 shows the concentrations of HSP-bound Ag after the 24 h exposure to a Cd 
concentration that was near the 24-h Cd EC50 in earlier concentration-response experiments 
(Figure 2.8).  
 
Figure 2.11. Mean HSP-bound Ag in adult Daphnia magna exposed to individual metals or a 
Cd-Ni mixture for 24 h in moderately hard reconstituted water (MHRW) containing 3 mg/L 
DOC. Metal concentrations were 163 μg Cd/L and 0.9 mg Ni/L, both in MHRW. Error bars are 
±1 standard error of the mean. Average mortality percentages are shown above the bars. 
Different capital letters indicate significant differences among treatments. 
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The mortality in the Cd-only treatment was 42.9%, near the expected 50%, and much higher than 
the mortality in the Cd-Ni mixture (4.8%), the control (1.3%), and the Ni-only treatment (2.7%). 
In the Cd-only treatment, HSP-bound Ag was highly significantly greater than in the control (p < 
0.0005), mixture (p = 0.006), and Ni-only (p < 0.0005) treatments (Appendix Table A.12). 
Additionally, the amount of HSP-bound Ag in the Cd-Ni mixture was highly significantly greater 
than in the Ni-only (p = 0.001) and control (p < 0.0005) treatments. The Ni-only treatment did 
not differ significantly from the control (p > 0.9995). 
I expected that the Cd-only treatment would stimulate upregulation of more HSPs than 
the control, as reported by other authors (Guan and Wang 2004, Marie et al. 2006). However, Ni 
did not stimulate upregulation of HSP production in either of the two Ni-containing treatments, 
although the mortality in the Cd-Ni mixture was only 4.8% compared to 42.9% in the Cd-only 
treatment. This strongly supports the null hypothesis, that Ni does not stimulate upregulation of 
HSP production and thus cannot explain the protective effect of Ni in Cd-Ni mixtures. 
Additionally, the Ni-only treatment was not significantly higher than the control, which also 
supports that the Ni does not stimulate upregulation of HSP production in a way that can account 
for the large decrease in mortality in Cd-Ni mixtures compared to Cd-only treatments, nor the 
24-h sequential-exposure results (Figure 2.9).  
Because HSP concentrations in the Cd-Ni mixture and Cd-only treatments were 
significantly higher than in the control and the Ni-only treatment, HSPs clearly can be 
upregulated in D. magna by Cd. However, because HSP concentration in the Ni-only treatment 
was statistically indistinguishable from the control, HSP upregulation in the Cd-Ni mixture likely 
was due to Cd alone. Lower mortality and lower HSP-bound Ag concentration in the Cd-Ni 
mixture compared to the Cd-only treatment also suggests that the organisms simultaneously 
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exposed to Ni do not need to produce as much HSP to survive the Cd exposure as those without 
Ni. This supports the existence of another protective mechanism, such as geochemical blocking. 
In two separate repeats of the 48-h test, mortalities in the Cd-only treatment were 58.1% 
and 38.3% (Figure 2.12), near the expected 50% mortality. Control mortalities were low (0.4% 
and 0.6%). The mortalities in Ni-containing treatments were higher in the test using 0.95 mg 
Ni/L (16.9% mortality for the mixture and 8.9% for Ni-only) than in the test using 1.2 mg Ni/L 
(0.6% mortality for the mixture and 1.1% for Ni-only). The cause might be slightly higher TOC 
concentration in the second test (3.1 mg TOC/L in the second tests compared to 2.8 mg TOC/L 
in the first test; Appendix Table A.2) and/or among-batch variability in the sensitivity of the D. 
magna to Ni. 
 
Figure 2.12. Mean HSP-bound Ag in adult Daphnia magna exposed to individual metals or Cd-
Ni mixture for 48 h in moderately hard reconstituted water (MHRW) containing 3 mg TOC/L, in 
two separate experiments with a.) 3 replicates/treatment and b.) 6 replicates/treatment. A 
conditioning period was used for (a) but not (b). Metal concentrations were a.) 90 μg Cd/L and 
0.95 mg Ni/L and b.) 94 μg Cd/L and 1.2 mg Ni/L. Error bars are ±1 standard error of the mean. 
Average mortality percentages are shown above the bars. Different capital letters indicate 
significant differences among treatments. 
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Differences in absolute concentrations of HSP-bound Ag between experiments (e.g., 
average concentrations in the controls were 3.4 and 1.8 mg Ag/g wet wt; Figure 2.12) were most 
likely due to different batches of daphnids and/or their exposure to slightly different water 
chemistry (Appendix Table A.2). However, the relative responses among the treatments were 
similar between experiments.  
In both tests, HSP-bound Ag concentration in the Cd-only treatment was highly 
significantly greater than in the control (p < 0.0005) and the Ni-only (p < 0.0005) treatments 
(Appendix Tables A.13 and A.14). The mixture also had highly significantly more HSP-bound 
Ag compared to the control and Ni-only (p < 0.0005). The Ni-only treatment did not differ 
significantly from the control for either 48-h test (p > 0.9995). These results thus far agreed with 
the 24-h results. However, unlike the 24-h results, the HSP-bound Ag concentration in the Cd-
only treatment did not differ significantly from the mixture (p ≥ 0.0605) in either 48-h test. 
Because the concentration of HSP-bound Ag in the Cd-Ni mixture was not significantly higher 
than in the Cd-only treatment, the null hypothesis was still supported, meaning that stimulation 
of upregulation of HSPs is not likely the mechanism of protection of Ni against Cd toxicity in 
Cd-Ni mixtures. 
At 48 h, the amount of HSP-bound Ag in the Cd-Ni mixtures was much closer to the 
amount in the Cd-only treatment than it was in the 24-h test. That result might indicate that 
whatever protective effect is responsible for the less-than-additive toxicity becomes less effective 
or disappears with time, and Cd-caused HSP production was not as inhibited at 48 h. This might 
be evidence for a geochemical competition model. Nickel is more concentrated in the mixture 
than Cd and might be able to bind more active sites on the organisms due to its prevalence. 
However, if there is a stronger affinity between Cd and the organism, Cd might exchange with 
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the protective Ni over time and lead to an increase in Cd-caused HSP production. Additionally, 
Ni blocking might allow the organism to slowly acclimate to the Cd instead of immediately 
experiencing the full dose of Cd. Further testing is needed to determine if the protective effect of 
Ni is due to competition or a physiological mechanism other than stimulation of additional 
upregulation of HSPs. 
 
2.6 Conclusions 
My results add additional evidence to previous reports that in Cd-Ni mixtures, Ni protects 
against Cd-caused mortality when both metals are in solution together. D. magna conditioned in 
Ni before Cd exposure also experience some protection from Cd toxicity at 24 and 48 h, but a 
simultaneous exposure was needed to observe full protection. Cadmium-Ni mixtures did not 
induce upregulation of significantly more HSPs than the Cd-only test. Therefore, my results 
support the null hypothesis that stimulation of additional upregulation of MT (as represented 
herein by HSPs) is not responsible for the less-than-additive toxicity. Thus, additional research 
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CHAPTER THREE – SUMMARY AND CONCLUSIONS 
A one-metal approach to predicting toxicity that fails to account for additive or non-
additive toxicity of metal mixtures has slowed efforts to regulate anthropogenic metals 
introduced to natural waters. Current models such as the Biotic Ligand Model do not provide a 
clear approach to correcting this issue, and part of the challenge with altering these models to 
accommodate mixtures is that the mechanisms of non-additivity toxicity in metal mixtures are 
poorly understood.  
Some aspects of this work have methodological implications. Adult Daphnia magna 
responded similarly to neonates in these experiments. The older organisms’ increased mass could 
be useful to future studies involving analyses of tissue concentrations of metals, because fewer 
animals are needed to obtain the biomass that allows exceedance of metal-detection limits. The 
sequential-exposure experiments also demonstrated that feeding is important to toxicity tests 
conducted longer than the standard 48 h, including sequential-exposure experiments.  
My results demonstrate that although Cd exposure stimulates upregulation of heat-stable 
proteins (HSPs) in D. magna, as previously reported by other research groups (Stuhlbacher et al. 
1992, Guan and Wang 2004, Marie et al. 2006), Ni does not stimulate production of additional 
HSPs in a way that explains non-additive toxicity. The results of the sequential-exposure 
experiments showed that D. magna conditioned in Ni before Cd exposure did experience some 
protection from Cd toxicity, but including Ni in a Cd-Ni mixture is crucial for fully protecting 
against Cd toxicity, and this initial protection appeared to become less effective with time. 
However, the lack of an increase in HSP in the mixtures compared to the Cd-only treatments 
means that additional stimulation of upregulation of HSPs, such as metallothionein (MT), is not 
responsible for the less-than-additive mortality in these Cd-Ni mixtures. Other metal 
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combinations in which Cd toxicity decreases in the mixture (e.g., Cd-Zn mixtures; Meyer et al. 
2015) need further investigation. 
Because my results do not support enhancement of upregulation of MT in Cd-Ni 
mixtures, the mechanism by which Ni protects against Cd toxicity is still unknown. A 
geochemical-competition explanation or an alternative physiological explanation are still viable, 
and further experimentation is needed to determine which is responsible. Future experiments 
could monitor metal uptake and exchange in D. magna. Such tests could incorporate a 
conditioning period to Ni, then an exposure to a Cd-Ni mixture to determine if Ni is binding to 
the organism, if it is exchanging, and if so with which metal it exchanges. A kinetic version of 
this study could be performed to determine the rate of this exchange and if exchange correlates 
with mortality, which would be strong evidence for a geochemical-competition explanation. 
Such tests should use the hemolymph inside the daphnids to avoid metals possibly adhering to 
the non-toxic sites on the carapace, and they would have to assume the concentrations of metals 
in the hemolymph are well-correlated with their concentrations at the site(s) of toxic action. The 
use of adult D. magna instead of neonates would aid any of these approaches due to the greater 
tissue mass and hemolymph volume in adults. Alternative physiological pathways should also be 
further investigated, such as identifying genes that are upregulated during exposure to Cd, Ni, 
and Cd-Ni mixtures that might affect metal uptake and/or toxicity (Vandenbrouck et al. 2009). 
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A.1 General Experimental Methods 
Table A.1. Recipes for USEPA-recommended synthetic fresh waters for use in laboratory 
toxicity testing. All ingredients should be reagent-grade chemicals. All experiments in my thesis 















Very Soft 12.0 7.5 7.5 0.5 6.4-6.8 10-13 10-13 
Soft 48.0 30.0 30.0 2.0 7.2-7.6 40-48 30-35 
Moderately Hard 96.0 60.0 60.0 4.0 7.4-7.8 80-100 57-64 
Hard 192.0 120.0 120.0 8.0 7.6-8.0 160-180 110-120 
Very Hard 384.0 240.0 240.0 16.0 8.0-8.4 280-320 225-245 
Table A.2. Water quality measurements for age-dependent toxicity tests, sequential-exposure 
experiments, and tests for analyses of tissue concentrations of heat-stable proteins (HSPs). 
Reported hardness was calculated from Ca+2 and Mg+2 concentrations as Hardness = 
2.497*[Ca+2] + 4.118*[Mg+2]. Sulfate was calculated as 3 times the measured S concentration. 
All reported values are averages of multiple solutions, except where specified with a * as single 
values. **Temperature was high due to overheating of incubator light bulbs. 
 
 
A.2 Age-Dependent Toxicity Tests 
Preliminary Age-Dependent Cd Test: Daphnia magna <1, 2, 4, and 7 d old were 





















Age Test 28.5** 7.7 44.5 2.9 13.8 12.3 85.1 22.1 1.9 90.4
1vs.6 day old (#1) 18.6 7.597 51.6 3.1 12.8 11.7 80.1 23.6 1.9 95.2
1vs.6 day old (#2) 17.7 7.8 55.2 3.0 12.8 11.6 79.7 22.1 1.8 91.7
A (Sequential) 18.1 8.0 52.6 2.7* 13.8 12.5 85.9 26.5 2.1 86.5
B (Sequential) 16.5 7.8 60.2 3.4 14.1 12.3 85.9 23.8 7.8 82.9
C (Sequential) 17.2 7.8 55.6 3.1 12.6 11.8 80.1 25.8 2.7 90.3
X (HSP 24 h) 19.3 7.3 64.0 2.5 12.3 11.6 78.5 23.3 1.9 101
Y (HSP 48 h) 18.7 7.3 57.2 2.8 13.7 12.0 83.6 24.8 2.0 102
Z (HSP 48 h) 18.6* 7.7 57.6 3.1 14.9 12.4 88.3 26.2 2.2 129
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or a control with no added metals. Exposure water was moderately hard reconstituted water 
(MHRW; USEPA 2002) with 6 mg organic matter/L added as Suwannee River Fulvic Acid 
(SRFA; International Humic Substances Society, Saint Paul, Minnesota, USA).  
Preliminary Cd-Ni Mixture Test: Adult (6-d-old) daphnids were randomly assigned to 
mixtures containing ~450 μg Cd/L, with a series of increasing Ni concentrations between 0 and 
7.5 mg/L. Neonates (<1 d old) were assigned to mixtures with ~200 μg Cd/L and between 0 and 
7.5 mg Ni/L. Some daphnids of each age were also exposed to metal-free control water. 
Younger daphnids tended to have a higher mortality percentage at a given concentration 
(Figure A.1 on page 53), which suggests the older daphnids are less sensitive to Cd. There were 
some individual exceptions to this (e.g., at ~10 μg Cd/L where the 4-d-old organisms had ~35% 
mortality while the <1-d-old organisms had about 15% mortality). Cadmium toxicity has been 
difficult to reproduce exactly in previous studies performed at Colorado School of Mines (Traudt 
et al. 2017). However, the differences between the younger and older daphnids were not extreme, 
indicating that older daphnids might be used in place of the younger daphnids in experiments in 
which larger organisms are desired [e.g., when measuring production of heat-stable proteins 
(HSPs)]. 
Because the adults and neonates responded similarly and there was no drastic change 
between neonate and adult toxicity to Cd, only two ages were used to investigate less-than-
additive toxicity in Cd-Ni mixtures. Six-d-old daphnids were selected for all other experiments 
because the majority of daphnids released their brood after this time but are visibly longer and 
more massive than neonates. Cadmium concentration ranges that caused mortalities between 0 
and 100% were determined for both 6-d-old organisms and neonates. 
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Figure A.1. Cadmium 48 h mortalities for Daphnia magna at different ages: <1, 2, 4, and 7 d old. 
 
A.3 Sequential-Exposure Experiments without Feeding 
Figure A.2 (page 54) shows the results of initial sequential-exposure tests conducted 
without feeding the D. magna. There was a time discrepancy between the sequentially exposed 
treatment and other exposures because the conditioning period and the other exposures were 
started simultaneously, meaning that the sequentially exposed treatment at “24 h in Cd” lagged 
24 h behind the other exposures. At the end of the 48-h exposure period, the daphnids in the 
sequential treatment were a day older than non-conditioned organisms. Mortality in the controls 
at the 72-h time point exceeded 10% in two of the three tests, qualifying them as failed tests 
(USEPA 2002). Those unacceptably high mortality percentages might have occurred because at 
72 h, the daphnids had experienced an additional 24 h without food, leading to starvation. 
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The new experimental design (Figure 2.6) for the sequential-exposure experiments 
ensured synchrony by keeping the daphnids in the Cd-only and mixture treatments in MHRW 
with SRFA during a 21-h Ni conditioning period, and feeding all organisms for 3 h before 
transfer to the next exposure chambers. The new procedure decreased the control mortalities to 
acceptable percentages (Figure 2.9). 
 
Figure A.2. Three different experiments (M, N, and O) were performed for a) 24 h and b) 48 h 
with the initial sequential-exposure study design. The Cd-only and the Cd-Ni mixture treatments 
were exposed to only Cd or to a mixture of Cd and Ni, respectively, for a total of 48 h. The 
sequential treatment was conditioned with ~1 mg Ni/L for the initial 24 h before being exposed 
to a 48-h Cd treatment. Control mortalities >10% at 72 h (equivalent to the 48-h time point for 
the sequential treatment) indicate mortalities in the sequentially exposed daphnids were not 




A.4 Data Tables for Sequential-Exposure Experiments 
Table A.3. Measured concentrations of exposure solutions and the resultant mortalities at 24 and 
48 h for a sequential exposure (Experiment A), graphed in Figure 2.9. Cd and Ni concentrations 
were measured by ICP-OES. “Sequential” daphnids were exposed to ~1 mg Ni/L for 21 h prior 
to 48 h exposure to Cd. Other trials were held in MHRW during the conditioning period to retain 
synchrony before exposure to Cd treatments (Cd-only and Cd/Ni mixture). Cadmium detection 




Expt A [Cd] (μg/L) [Ni] (mg/L) 24 h 48 h
Control BDL BDL 0.0 3.8
Cd-Only 137 BDL 24.0 88.0
231 BDL 36.0 72.0
328 BDL 48.0 72.0
419 BDL 60.0 96.0
516 BDL 76.0 96.0
566 BDL 92.6 100.0
Mixture BDL 0.982 0.0 0.0
133 0.992 0.0 20.0
224 0.984 0.0 0.0
318 0.991 0.0 0.0
398 0.974 0.0 24.0
491 0.962 32.0 56.0
589 0.984 44.0 80.0
Sequential 137 BDL 0.0 32.0
231 BDL 7.7 57.7
328 BDL 12.0 68.0
419 BDL 53.8 96.2
516 BDL 84.0 100.0
566 BDL 72.0 96.0
% Mortality
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Table A.4. Measured concentrations of exposure solutions and the resultant mortalities at 24 and 
48 h for a sequential exposure (Experiment B), graphed in Figure 2.9. Cd and Ni concentrations 
were measured by ICP-OES. “Sequential” daphnids were exposed to ~1 mg Ni/L for 21 h prior 
to 48 h exposure to Cd. Other trials were held in MHRW during the conditioning period to retain 
synchrony before exposure to Cd treatments (Cd-only and Cd/Ni mixture). Cadmium detection 




Expt B [Cd] (μg/L) [Ni] (mg/L) 24 h 48 h
Control BDL BDL 0.0 0.0
Cd-Only 139 BDL 21.2 54.5
235 BDL 44.4 88.9
332 BDL 100.0 100.0
420 BDL 100.0 100.0
519 BDL 100.0 100.0
610 BDL 100.0 100.0
Mixture 3 0.976 0.0 0.0
147 0.968 0.0 0.0
231 0.981 0.0 0.0
320 0.982 0.0 3.7
411 0.996 3.4 24.1
506 0.992 39.3 96.4
605 0.995 34.6 100.0
Sequential 139 BDL 16.0 40.0
235 BDL 8.0 32.0
332 BDL 100.0 100.0
420 BDL 100.0 100.0
519 BDL 100.0 100.0
610 BDL 100.0 100.0
% Mortality
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Table A.5. Measured concentrations of exposure solutions and the resultant mortalities at 24 and 
48 h for a sequential exposure (Experiment C), graphed in Figure 2.9. Cd and Ni concentrations 
were measured by ICP-OES. “Sequential” daphnids were exposed to ~0.9 mg Ni/L for 21 h prior 
to 48 h exposure to Cd. Other trials were held in MHRW during the conditioning period to retain 
synchrony before exposure to Cd treatments (Cd-only and Cd/Ni mixture). Cadmium detection 
limit (DL) = 0.6 µg/L. Nickel DL = 0.0015 mg/L. 
 
 
Table A.6. Exposure water Cd and Ni concentrations for each treatment of the toxicity tests 
performed for heat-stable protein analysis. Measurements conducted by ICP-OES analysis. “No 
metals” was used for controls and any conditioning periods (used in Experiments X and Y, but 
not Z). Cadmium detection limit (DL) = 0.6 µg/L. Nickel DL = 0.0015 mg/L. 
 
Expt C [Cd] (μg/L) [Ni] (mg/L) 24 h 48 h
Control BDL BDL 0.0 0.0
Cd-Only 136 BDL 40.7 66.7
180 BDL 35.3 91.2
218 BDL 47.1 94.1
263 BDL 62.1 100.0
310 BDL 69.0 100.0
364 BDL 74.2 100.0
Mixture BDL 0.914 0.0 0.0
131 0.924 100.0 100.0
175 0.919 0.0 3.2
220 0.918 0.0 6.5
266 0.938 0.0 6.7
307 0.926 7.9 34.2
366 0.946 30.3 78.8
Sequential BDL BDL 0.0 0.0
136 BDL 7.1 42.9
180 BDL 11.1 59.3
218 BDL 3.8 88.5
263 BDL 12.0 92.0
310 BDL 30.8 84.6
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A.5 ICP-MS Analysis for HSP-bound Ag 
Table A.7. Experimental ICP-MS results for the 24 h Ag saturation test (Experiment X). Data include the calibration curve used for 
calculating concentrations from intensities, reported Ag concentrations, In internal standard, mass of tissues and total solution mass, as 

















Calibration Curve blank 100.0% --- --- --- --- ---
0.01 μg Ag/L 0.010 98.2% --- --- --- --- ---
0.1 μg Ag/L 0.103 96.8% --- --- --- --- ---
0.5 μg Ag/L 0.505 96.9% --- --- --- --- ---
1 μg Ag/L 1.000 96.7% --- --- --- --- ---
5 μg Ag/L 5.022 95.8% --- --- --- --- ---
10 μg Ag/L 10.061 95.3% --- --- --- --- ---
50 μg Ag/L 50.027 96.5% --- --- --- --- ---
y= 0.031x+0.000  R²=0.999
Samples Background 1 12.149 95.5% 0.0294 5.07 0.062 2.10 ---
Background 2 16.940 96.5% 0.0279 5.09 0.086 3.09 ---
Background 3 12.215 97.4% 0.0260 5.12 0.063 2.41 ---
Pre-exposure 1 15.801 97.5% 0.0335 5.17 0.082 2.44 ---
Pre-exposure 2 15.176 98.3% 0.0320 5.07 0.077 2.41 ---
Pre-exposure 3 19.478 99.7% 0.0380 5.12 0.100 2.63 ---
Control 1 13.220 99.8% 0.0363 5.14 0.068 1.87 0.0
Control 2 10.641 99.9% 0.0494 4.73 0.050 1.02 4.0
Control 3 13.653 101.6% 0.0317 5.13 0.070 2.21 0.0
Cd only 1 25.681 105.7% 0.0241 5.10 0.131 5.44 42.9
Cd only 2 29.987 106.2% 0.0278 5.15 0.155 5.56 40.0
Cd only 3 27.497 104.0% 0.0282 5.15 0.142 5.02 45.7
Mix 1 34.405 105.8% 0.0439 5.11 0.176 4.01 0.0
Mix 2 34.952 105.8% 0.0467 5.16 0.180 3.86 2.9
Mix 3 35.255 106.0% 0.0461 5.12 0.181 3.92 11.4
Ni only 1 12.052 105.6% 0.0324 5.07 0.061 1.89 4.0
Ni only 2 12.503 105.5% 0.0316 5.14 0.064 2.03 0.0
Ni only 3 11.871 106.1% 0.0302 5.11 0.061 2.01 4.0
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Table A.8. Experimental ICP-MS results for the 48 h Ag saturation test (Experiment Y). Data include the calibration curve used for 
calculating concentrations from intensities, reported Ag concentrations, In internal standard, mass of tissues and total solution mass, as 




















Calibration Curve blank 100.0% --- --- --- --- --- ---
0.01 μg Ag/L 0.010 101.7% --- --- --- --- --- ---
0.1 μg Ag/L 0.099 101.9% --- --- --- --- --- ---
0.5 μg Ag/L 0.500 102.4% --- --- --- --- --- ---
1 μg Ag/L 1.012 102.2% --- --- --- --- --- ---
5 μg Ag/L 5.039 102.0% --- --- --- --- --- ---
10 μg Ag/L 10.129 100.4% --- --- --- --- --- ---
50 μg Ag/L 50.077 102.1% --- --- --- --- --- ---
y= 0.002x + 0.000  R²=0.991
Samples Background 1 37.523 102.5% 0.0437 5.28 0.198 4.54 --- ---
Background 2 36.617 99.7% 0.0476 5.19 0.190 4.00 --- ---
Background 3 36.804 103.3% 0.0439 5.23 0.192 4.38 --- ---
Pre-exposure 1 49.654 104.0% 0.0568 5.22 0.259 4.56 --- ---
Pre-exposure 2 54.165 97.5% 0.0554 5.23 0.283 5.11 --- ---
Pre-exposure 3 46.492 102.9% 0.0566 5.17 0.240 4.24 --- ---
Control 1 --- --- --- --- --- 0.0 3.3
Control 2 28.950 100.2% 0.0423 5.19 0.150 3.55 3.3 6.7
Control 3 28.244 103.5% 0.0470 5.26 0.149 3.16 0.0 3.3
Cd only 1 31.260 100.1% 0.0236 5.24 0.164 6.95 20.0 60.0
Cd only 2 43.279 96.9% 0.0299 5.25 0.227 7.59 8.6 48.6
Cd only 3 32.325 99.7% 0.0206 5.23 0.169 8.20 11.4 65.7
Mix 1 53.465 98.0% 0.0393 5.20 0.278 7.07 3.4 20.7
Mix 2 53.776 102.6% 0.0394 5.29 0.284 7.22 0.0 13.3
Mix 3 51.759 98.8% 0.0422 5.21 0.270 6.39 3.3 16.7
Ni only 1 35.600 97.6% 0.0431 5.20 0.185 4.29 0.0 13.3
Ni only 2 38.230 97.5% 0.0466 5.29 0.202 4.34 0.0 6.7
Ni only 3 33.589 97.4% 0.0443 5.26 0.177 3.99 0.0 6.7
60 
Table A.9. Experimental ICP-MS results for the 48 h Ag saturation test (Experiment Z). Data include the calibration curve used for 
calculating concentrations from intensities, reported Ag concentrations, In internal standard, mass of tissues and total solution mass, as 
well as calculated Ag in each sample, tissue Ag concentration, and the mortality of that corresponding replicate treatment at 24 and 48 
h. 
 

















Calibration Curve blank 100.0% --- --- --- --- --- ---
0.01 μg Ag/L 0.010 101.4% --- --- --- --- --- ---
0.1 μg Ag/L 0.102 101.2% --- --- --- --- --- ---
0.5 μg Ag/L 0.502 102.9% --- --- --- --- --- ---
1 μg Ag/L 0.999 106.3% --- --- --- --- --- ---
5 μg Ag/L 5.054 103.4% --- --- --- --- --- ---
10 μg Ag/L 10.277 102.7% --- --- --- --- --- ---
50 μg Ag/L 50.258 103.0% --- --- --- --- --- ---
y= 0.002x +0.000  R²=0.999
Samples Background 1 10.408 105.3% 0.0622 4.88 0.051 0.82 --- ---
Background 2 13.061 99.9% 0.0664 4.85 0.063 0.95 --- ---
Background 3 14.232 99.4% 0.0728 4.76 0.068 0.93 --- ---
Control 1 22.265 98.4% 0.0662 4.83 0.108 1.63 3.3 3.3
Control 2 23.047 99.3% 0.0619 4.90 0.113 1.82 0.0 0.0
Control 3 23.673 97.0% 0.0578 4.87 0.115 1.99 0.0 0.0
Control 4 22.859 97.5% 0.0604 4.87 0.111 1.84 0.0 0.0
Control 5 21.011 97.8% 0.0636 4.89 0.103 1.61 0.0 0.0
Control 6 21.834 98.9% 0.0616 4.81 0.105 1.70 0.0 0.0
Cd only 1 35.310 98.1% 0.0314 4.80 0.170 5.40 18.8 40.6
Cd only 2 48.074 96.7% 0.0470 4.83 0.232 4.94 5.9 29.4
Cd only 3 40.469 97.9% 0.0373 4.87 0.197 5.28 6.1 42.4
Cd only 4 33.730 98.6% 0.0353 4.80 0.162 4.59 11.4 45.7
Cd only 5 38.693 97.3% 0.0388 4.80 0.186 4.79 2.9 35.3
Cd only 6 --- --- --- --- --- --- 3.0 36.4
Mix 1 51.438 96.8% 0.0552 4.72 0.243 4.40 0.0 0.0
Mix 2 53.919 95.6% 0.0583 4.87 0.263 4.50 0.0 0.0
Mix 3 57.534 96.0% 0.0569 4.90 0.282 4.96 0.0 0.0
Mix 4 48.945 96.3% 0.0545 4.76 0.233 4.27 0.0 0.0
Mix 5 60.051 96.2% 0.0639 4.82 0.289 4.53 0.0 0.0
Mix 6 59.286 96.0% 0.0582 4.85 0.287 4.94 0.0 3.3
Ni only 1 21.073 98.0% 0.0573 4.79 0.101 1.76 0.0 0.0
Ni only 2 20.809 98.7% 0.0567 4.91 0.102 1.80 3.3 6.7
Ni only 3 20.621 97.5% 0.0535 4.89 0.101 1.89 0.0 0.0
Ni only 4 22.957 97.3% 0.0553 4.87 0.112 2.02 0.0 0.0
Ni only 5 21.476 98.5% 0.0577 4.89 0.105 1.82 0.0 0.0
Ni only 6 23.537 97.2% 0.0603 4.88 0.115 1.91 0.0 0.0
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A.6 HSP One-Factor ANOVA Post-Hoc Comparison Results 
Table A.10. The results of a one-factor ANOVA test with two-tailed post-hoc comparisons 
between paired treatments for a 24-h Ag-saturation test (Experiment X). Control organisms were 
not exposed to metals. Ni-only organisms were exposed to ~1 mg/L Ni. Cd-only and mixture 
organisms were exposed to 160 μg Cd/L, and mixture was simultaneously exposed to ~0.9 mg 
Ni/L. Only Bonferroni post-hoc pairwise comparisons were discussed in the results, though the 
Scheffe and Sidak tests qualitatively agreed with the Bonferroni results. The p-values are given 
beneath the difference in mean for each treatment pair, indicating significant differences at a 
95% confidence level when p<0.05. 
 
Replicate Background Pre-Exposure Control Ni-Only
1 2.096 2.438 1.872 1.888
2 3.092 2.407 1.019 2.033
3 2.408 2.626 2.211 2.009
    Variable |        Obs        Mean    Std. Dev.       Min        Max
-------------+---------------------------------------------------------
  background |          3       2.532    .5094468      2.096      3.092
 preexposure |          3    2.490333    .1185087      2.407      2.626
     control |          3    1.700667    .6141924      1.019      2.211
      nionly |          3    1.976667    .0777196      1.888      2.033
Oneway HSP Trtmt, bonferroni scheffe sidak
                        Analysis of Variance
    Source              SS         df      MS            F     Prob > F
------------------------------------------------------------------------
Between groups      1.47363683      3   .491212278      2.99     0.0957
 Within groups      1.31370591      8   .164213239
------------------------------------------------------------------------
    Total           2.78734274     11   .253394795
Bartlett's test for equal variances:  chi2(3) =   7.4023  Prob>chi2 = 0.060
Comparison of Background by Trtmt (Bonferroni) Comparison of Background by Trtmt (Scheffe)
Row Mean-| Row Mean-|
Col Mean |       Bkgd    Control    Ni-only Col Mean |       Bkgd    Control    Ni-only
---------+--------------------------------- ---------+---------------------------------
 Control |   -.831333  Control |   -.831333
         |      0.217          |      0.178
         |          |
 Ni-only |   -.555333       .276  Ni-only |   -.555333       .276
         |      0.791      1.000          |      0.466      0.872
         |          |
 Pre-exp |   -.041667    .789667    .513667  Pre-exp |   -.041667    .789667    .513667
         |      1.000      0.265      0.955          |      0.999      0.208      0.526
Comparison of Background by Trtmt (Sidak)
Row Mean-|
Col Mean |       Bkgd    Control    Ni-only
---------+---------------------------------
 Control |   -.831333
         |      0.199
         |
 Ni-only |   -.555333       .276
         |      0.572      0.965
         |
 Pre-exp |   -.041667    .789667    .513667
         |      1.000      0.237      0.647
ug HSP-bound Ag/g daphnid wet weight
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Table A.11. The results of a one-factor ANOVA test with two-tailed post-hoc comparisons 
between paired treatments for a 48-h Ag-saturation test (Experiment Y). Control organisms were 
not exposed to metals. Ni-only organisms were exposed to ~1 mg/L Ni. Cd-only and mixture 
organisms were exposed to 90 μg Cd/L, and mixture was simultaneously exposed to ~1 mg Ni/L. 
Only Bonferroni post-hoc pairwise comparisons were discussed in the results, though the Scheffe 
and Sidak tests qualitatively agreed with the Bonferroni results. The p-values are given beneath 
the difference in mean for each treatment pair, indicating significant differences at a 95% 
confidence level when p<0.05. 
 
Replicate Background Pre-Exposure Control Ni-Only
1 4.538 4.560 --- 4.292
2 3.996 5.112 3.550 4.338
3 4.383 4.243 3.160 3.990
    Variable |        Obs        Mean    Std. Dev.       Min        Max
-------------+---------------------------------------------------------
  background |          3    4.305667    .2791529      3.996      4.538
 preexposure |          3    4.638333    .4397639      4.243      5.112
     control |          2       3.355    .2757716       3.16       3.55
      nionly |          3    4.206667    .1890431       3.99      4.338
Oneway HSP Trtmt, bonferroni scheffe sidak
                        Analysis of Variance
    Source              SS         df      MS            F     Prob > F
------------------------------------------------------------------------
Between groups      2.03795663      3   .679318878      6.89     0.0170
 Within groups      .690161841      7   .098594549
------------------------------------------------------------------------
    Total           2.72811848     10   .272811848
Bartlett's test for equal variances:  chi2(3) =   1.1192  Prob>chi2 = 0.772
Comparison of Background by Trtmt (Bonferroni) Comparison of Background by Trtmt (Scheffe)
Row Mean-| Row Mean-|
Col Mean |       Bkgd    Control    Ni-only Col Mean |       Bkgd    Control    Ni-only
---------+--------------------------------- ---------+---------------------------------
 Control |   -.950667  Control |   -.950667
         |      0.077          |      0.071
         |          |
 Ni-only |      -.099    .851667  Ni-only |      -.099    .851667
         |      1.000      0.125          |      0.984      0.108
         |          |
 Pre-exp |    .332667    1.28333    .431667  Pre-exp |    .332667    1.28333    .431667
         |      1.000      0.017      0.817          |      0.657      0.018      0.469
Comparison of Background by Trtmt (Sidak)
Row Mean-|
Col Mean |       Bkgd    Control    Ni-only
---------+---------------------------------
 Control |   -.950667
         |      0.075
         |
 Ni-only |      -.099    .851667
         |      0.999      0.118
         |
 Pre-exp |    .332667    1.28333    .431667
         |      0.800      0.017      0.584
ug HSP-bound Ag/g daphnid wet weight
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Table A.12. The results of a one-factor ANOVA test with two-tailed post-hoc comparisons 
between paired treatments for a 24-h Ag-saturation test (Experiment X). Control organisms were 
not exposed to metals. Ni-only organisms were exposed to ~1 mg/L Ni. Cd-only and mixture 
organisms were exposed to 160 μg Cd/L, and mixture was simultaneously exposed to ~0.9 mg 
Ni/L. Only Bonferroni post-hoc pairwise comparisons were discussed in the results, though the 
Scheffe and Sidak tests qualitatively agreed with the Bonferroni results. The p-values are given 
beneath the difference in mean for each treatment pair, indicating significant differences at a 
95% confidence level when p<0.05. 
 
  
Replicate Control Ni Only Mix Cd only
1 1.872 1.888 4.007 5.439
2 1.019 2.033 3.860 5.559
3 2.211 2.009 3.916 5.018
    Variable |        Obs        Mean    Std. Dev.       Min        Max
-------------+---------------------------------------------------------
     control |          3    1.700667    .6141924      1.019      2.211
      nionly |          3    1.976667    .0777196      1.888      2.033
         mix |          3    3.927667    .0741912       3.86      4.007
      cdonly |          3    5.338667    .2841132      5.018      5.559
Oneway HSP trtmt, bonferroni scheffe sidak
                        Analysis of Variance
    Source              SS         df      MS            F     Prob > F
------------------------------------------------------------------------
Between groups      26.5283369      3   8.84277896     75.34     0.0000
 Within groups      .938994517      8   .117374315
------------------------------------------------------------------------
    Total           27.4673314     11   2.49703013
Bartlett's test for equal variances:  chi2(3) =   8.6626  Prob>chi2 = 0.034
Comparison of Control by trtmt (Bonferroni) Comparison of Control by trtmt (Scheffe)
Row Mean-| Row Mean-|
Col Mean |    Cd-only    Control        Mix Col Mean |    Cd-only    Control        Mix
---------+--------------------------------- ---------+---------------------------------
 Control |     -3.638  Control |     -3.638
         |      0.000          |      0.000
         |          |
     Mix |     -1.411      2.227      Mix |     -1.411      2.227
         |      0.006      0.000          |      0.007      0.000
         |          |
 Ni-only |     -3.362       .276     -1.951  Ni-only |     -3.362       .276     -1.951
         |      0.000      1.000      0.001          |      0.000      0.808      0.001
Comparison of Control by trtmt (Sidak)
Row Mean-|
Col Mean |    Cd-only    Control        Mix
---------+---------------------------------
 Control |     -3.638
         |      0.000
         |
     Mix |     -1.411      2.227
         |      0.006      0.000
         |
 Ni-only |     -3.362       .276     -1.951
         |      0.000      0.926      0.001
ug HSP-bound Ag/g daphnid wet weight
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Table A.13. The results of a one-factor ANOVA test with two-tailed post-hoc comparisons 
between paired treatments for a 48-h Ag-saturation test (Experiment Y). Control organisms were 
not exposed to metals. Ni-only organisms were exposed to ~1 mg/L Ni. Cd-only and mixture 
organisms were exposed to 90 μg Cd/L, and mixture was simultaneously exposed to ~1 mg Ni/L. 
Only Bonferroni post-hoc pairwise comparisons were discussed in the results, though the Scheffe 
and Sidak tests qualitatively agreed with the Bonferroni results. The p-values are given beneath 
the difference in mean for each treatment pair, indicating significant differences at a 95% 
confidence level when p<0.05. 
 
Replicate Control Ni Only Mix Cd only
1 --- 4.292 7.070 6.946
2 3.550 4.338 7.219 7.593
3 3.160 3.990 6.393 8.205
    Variable |        Obs        Mean    Std. Dev.       Min        Max
-------------+---------------------------------------------------------
     control |          2       3.355    .2757716       3.16       3.55
      nionly |          3    4.206667    .1890431       3.99      4.338
         mix |          3       6.894    .4402283      6.393      7.219
      cdonly |          3    7.581333     .629581      6.946      8.205
Oneway HSP trtmt, bonferroni scheffe sidak
                        Analysis of Variance
    Source              SS         df      MS            F     Prob > F
------------------------------------------------------------------------
Between groups      32.5830527      3   10.8610176     57.25     0.0000
 Within groups      1.32787082      7   .189695832
------------------------------------------------------------------------
    Total           33.9109235     10   3.39109235
Bartlett's test for equal variances:  chi2(3) =   2.1680  Prob>chi2 = 0.538
Comparison of Control by trtmt (Bonferroni) Comparison of Control by trtmt (Scheffe)
Row Mean-| Row Mean-|
Col Mean |    Cd-only    Control        Mix Col Mean |    Cd-only    Control        Mix
---------+--------------------------------- ---------+---------------------------------
 Control |   -4.22633  Control |   -4.22633
         |      0.000          |      0.000
         |          |
     Mix |   -.687333      3.539      Mix |   -.687333      3.539
         |      0.567      0.000          |      0.364      0.000
         |          |
 Ni-only |   -3.37467    .851667   -2.68733  Ni-only |   -3.37467    .851667   -2.68733
         |      0.000      0.417      0.001          |      0.000      0.289      0.001
Comparison of Control by trtmt (Sidak)
Row Mean-|
Col Mean |    Cd-only    Control        Mix
---------+---------------------------------
 Control |   -4.22633
         |      0.000
         |
     Mix |   -.687333      3.539
         |      0.449      0.000
         |
 Ni-only |   -3.37467    .851667   -2.68733
         |      0.000      0.351      0.001
ug HSP-bound Ag/g daphnid wet weight
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Table A.14. The results of a one-factor ANOVA test with two-tailed post-hoc comparisons 
between paired treatments for a 48-h Ag-saturation test (Experiment Z). Control organisms were 
not exposed to metals. Ni-only organisms were exposed to ~1 mg/L Ni. Cd-only and mixture 
organisms were exposed to 160 μg Cd/L, and mixture was simultaneously exposed to 0.9 mg 
Ni/L. Only Bonferroni post-hoc pairwise comparisons were discussed in the results, though the 
Scheffe and Sidak tests qualitatively agreed with the Bonferroni results. The p-values are given 
beneath the difference in mean for each treatment pair, indicating significant differences at a 
95% confidence level when p<0.05. 
Replicate Control Ni Only Mix Cd only
1 1.625 1.763 4.403 5.403
2 1.824 1.800 4.503 4.939
3 1.993 1.886 4.959 5.285
4 1.845 2.023 4.274 4.586
5 1.614 1.819 4.528 4.791
6 1.704 1.906 4.939 ---
    Variable |        Obs        Mean    Std. Dev.       Min        Max
-------------+---------------------------------------------------------
     control |          6      1.7675     .146935      1.614      1.993
      nionly |          6    1.866167    .0936193      1.763      2.023
         mix |          6       4.601    .2840684      4.274      4.959
      cdonly |          5      5.0008    .3400105      4.586      5.403
Oneway HSP trtmt, bonferroni scheffe sidak
                        Analysis of Variance
    Source              SS         df      MS            F     Prob > F
------------------------------------------------------------------------
Between groups      50.9495464      3   16.9831821    317.08     0.0000
 Within groups      1.01767521     19   .053561853
------------------------------------------------------------------------
    Total           51.9672216     22   2.36214644
Bartlett's test for equal variances:  chi2(3) =   7.7779  Prob>chi2 = 0.051
Comparison of Control by trtmt (Bonferroni) Comparison of Control by trtmt (Scheffe)
Row Mean-| Row Mean-|
Col Mean |    Cd-only    Control        Mix Col Mean |    Cd-only    Control        Mix
---------+--------------------------------- ---------+---------------------------------
 Control |    -3.2333  Control |    -3.2333
         |      0.000          |      0.000
         |          |
     Mix |     -.3998     2.8335      Mix |     -.3998     2.8335
         |      0.061      0.000          |      0.074      0.000
         |          |
 Ni-only |   -3.13463    .098667   -2.73483  Ni-only |   -3.13463    .098667   -2.73483
         |      0.000      1.000      0.000          |      0.000      0.907      0.000
Comparison of Control by trtmt (Sidak)
Row Mean-|
Col Mean |    Cd-only    Control        Mix
---------+---------------------------------
 Control |    -3.2333
         |      0.000
         |
     Mix |     -.3998     2.8335
         |      0.060      0.000
         |
 Ni-only |   -3.13463    .098667   -2.73483
         |      0.000      0.978      0.000
ug HSP-bound Ag/g daphnid wet weight
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